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VOLUME IV 


PREFACE 

The Cogeneration Technology Alternatives Study (CTAS) was performed by the 
National Aeronautics and Space Administration, Lewis Research Center, for the 
Department of Energy, Division of Fossil Fuel Utilization. CTAS is aimed at pro- 
viding a data base which will assist the Department of Energy in establishing 
research and development funding priorities and emphasis in the area of advanced 
energy conversion system technology for advanced industrial cogeneration appli- 
cations. CTAS includes two Department of Energy-sponsored/National Aeronautics 
and Space Administration-contracted studies conducted in parallel by industrial 
teams along with analyses and evaluations by the National Aeronautics and Space 
Administration's Lewis Research Center. 

This document describes the work conducted by Power Systems Division of United 
Technologies Corporation under National Aeronautics and Space Administration 
contract DEN3-30. This United Technologies contractor report is one of a set of 
reports describing CTAS results. The other reports are the following: Cogenera- 
tion Technology Alternatives Study (CTAS) Volume I - Summary NASA TM 81400, 
Cogeneration Technology Alternatives Study (CTAS) General Electric Final Report 
NASA CR 159765-159770 and Cogeneration Technology Alternatives Studies (CTAS) 
Volume II - Comparison and Evaluation of Results, NASA TM 81401. 

This United Technologies contractor report for the CTAS study is contained in six 
volumes: 


Summary Report, DOE/NASA/0030-80/1 NASA CR 159759 
Industrial Process Characteristics, DOE/NASA/0030-80/2 
NASA CR 159760 

Energy Conversion System Characteristics, DOE/NASA/ 
0030-80/3 NASA CR 159761 

Heat Sources, Balance of Plant, and Auxiliary Systems, 
DOE/N ASA/0030-80/4 159762 
Analytic Approach and Results, DOE/NASA/ 

0030-80/5 159763 

Computer Data, DOE/NASA/0030-80/6 NASA CR 159764 

presented in this Volume iVwere developed by Bechtel 
National, incorporated, of San Francisco, California and Rocket Research Company 
of Redmond, Washington in the conduct of the Cogeneration Technology Alterna- 
tives Study. Westinghouse Electric Company consulted in the development of the 
heat pump analysis by Power Systems Division, United Technologies. 
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VOLUME IV 
A, INTRODOCTION 


The Cogeneration Technology Alternative Study evaluated the 
advantages o£ advanced energy c(Miversion technologies in 
industrial cogeneration applications. To meet the objectives of 
the study# data and inforamtion had to be established for: 

(1) representative process plants in energy-intensive industries; 

(2) both current and future eMrgy conversion technologies; 

(3) beat screes (or furnaces) as required by the conversion 
systems; (4) supporting technologies; (5) balance of plant; and 
(6) study assumptions and ground rules. These data were analyzed 
and conservation# economic# and environmental impacts were 
evaluated at the plant level and extrapolated to the potential 
national level. 

The study in its entirety is summarized in Volume 1 of this 
report. A series of five additional volumes provide the more 
detailed data and information which was used in the course of the 
study. 

This Volume IV presents the data for heat sources, balance of 
plant items, thermal energy storage, and heat pumps. 

Section B includes descriptions of fourteen heat source design 
cases developed by Bechtel National Incorporated. 

Section C contains the data concerning thermal storage systems 
provided by Rocket Research Company. 

Section D contains descriptions of fourteen balance of plant 
systems developed by Bechtel National Incorporated. 

Section E presents the projected performance of conceptual 
industrial heat pumps. 

Section F presents the results of a review by Bechtel National, 
Incorporated, of the capital cost estimates for representative 
cogeneration p..ants which were selected from the more than 3000 
cases considered in the study. 
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Bf,„. -BEAl,§fiiffiCg..P£gMa. CAgfig 


INIROOOCTZON 

This ssction dsscribes operation, cost, and emiasion 
characteristics of the following fourteen heat source design 
cases: 


CASE 

NUMBER CASE NAME 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 


Petroleum residual oil-fired, 

Petroleum residual oil-fired. 

Petroleum residual oil-fired. 

Petroleum residual oil-fited, 700F 
Petroleum residual oil-fired. 

Coal -derived residual oil-fired. 

Coal-derived residual oil-fired. 

Coal-derived residual oil-fired. 

Coal-derived residual oil-fired, 
converter heat source 
Coal -fired, 950F steam generator 
Coal-fired atmosj^eric fluidized bed, 
generator 

Coal-fired atmospheric fluidized bed, 
generator 

Coal-fired pressurized fluidized bed, 
generator 

Industrial waste heat recovery, 950F steam generator 


140F water beater 
300F steam generator 
500F steam generator 
steam generator 
950F steam generator 
1050F steam generator 
1800F hot gas generator 
22 OOF hot gas generator 
2400F thermionic 


10 50F steam 


1500F hot gas 
1600F hot gas 


Cases 1 through 5, 10, and 14 are current technology systems, 
^e other cases are advanced technology systems which may be 
commercially available in the 1985 to 2000 time period. 

Each of the 13 fueled heat sources is fired with petroleum boiler 
grade (Nunber 5 or 6) oil, coal-derived boiler grade oil, or high 
sulfur coal. The industrial waste heat recovery steam generator 
uses 1000F flue gas from an industri^LL process furnace. 

Each heat source was designed for a thermal output capacity 
appropriate for the heat source configuration physical 
constraints and the capacity of the associated energy conversion 
system. The veuriation in heat source ci:»racteristics over a 
range of thermal output capacity was also developed for each 
case. The ranges of thermal capacity considered are 50 to 
250 million Btti/hr for Cases 1 through 4, and 50 to 1000 million 
Btu/hr for Cases 5 through 14. 

A descriptive section follows for each heat source design case. 
Each description includes a schematic diagram and list ->f 
characteristics which define the system. The design point 
thermal capacity, performance, and operating parameters are 
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pr«a«nt€d as wall as data for thermal efficiency and auxiliary 
potNu: required as a function of system thermal output. All 
efficitticies are based on the higher heating value of the fuel. 
Each section also includes environmantal intrusion data, 
flexibility and reliability characteristics, space requirements, 
maintenance requirements, capital and operating costs, 
installation requirements for heat sources with a range of output 
capacities. Environmental intnision data are presented as a 
function of gross energy input to the heat source. All other 
data are expressed as a function of the energy output by the heat 
source. Cost data are presented in mid- 1978 dollars. 

Tables are included for ea^ case showing breakdown of field 
construction costs for each of the heat sources defined for CTAS. 
Two tables are included for Cases 5, 6, 11 and 12, one 
representative of the shop assembled boilers used in smaller 
capacity systems and the other representative of field erected 
boilers used in larger systems. Two tables are included for 
Case 9, representing a high tmperature ceramic air heater and an 
alternate without the ceramic air heater, ivo tables are also 
included for Case 10, representing a stoker-fired and a 
pulverised coal-fired unit. 


Hot Gas generators Osina He U urn 

The hot gas generators. Cases 7, 6 and 12, were designed to use 
air as the wori^ng fluid, systems to heat helium instead of air 
would be similar except the heat exchange area would be reduced 
because helium has better heat transfer characteristics. The 
heat exchangers for each system %«ere resixed for telium so that 
the working fluid design pressure drop would be 0.5 percent 
instead of 2 percent which was used for air. The resulting 
reductions in heat source system field construction costs due to 
the smaller heat exchangers are as follows: 


QW 

Cost Reduction 

7 

9% 

8 

13X 

12 

5% 


Heat source Building Requirements 

The cost of tlie buildings required to house heat source equipment 
were not included as part of tlie heat source system. The costs 
of these builidngs were estimated using the building cost formula 
for balance-of-plant System 12. The approximate building 
requirements follow: 

Cases i, 2, 3, and 4: 

Building area and volume required are same as the heat source 
area and volume which was provided previously. 
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Cas€« 5, 6, and 14: 

Building volume required ia 140 cubic feet per million Btu/hr 
heat output. 

Cases 7, 8, and 9: 

Building volume required is 150 cubic feet per million Btu/hr 
heat output. 

Cases 10, 11, and 12: 

Building volume required is 200 cubic feet per million Btu/hr 
heat output. 

Case 13: No building required. 

Where only volume is givoi, building height may be assumed to be 
40 feet. 
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CASE 1 

PETROLEUIt RESIDUAL OIL FIRED, 14 OF WATER HEATER 


FCR-1333 


Tha baat source system shown in Figure IV^I uses a current 
technology petroleum residual oil fixed boiler and direct contact 
water heater to produce 40 psig, 14 OF water. It is representa- 
tive of ciarrent industrial practice for systems producing 50 to 
250 million fitu/hr thermal output. The system's design and 
operating characteristics are as follows. 


CiwarttgiEtici 

• Shop assembled, water tube, natural circulation 
boiler with water-cooled furnace walls for indoor 
installation 

• Direct contact water heater 

• Forced draft fan with inlet silencer 

• Externally mounted windbox with steam atomizing 
fuel oil burner and duplex fuel oil system 

• Externally located finned tube economizer to 

recover heat from boiler exit gases 

• Flue gas damper to maintain natural draft 

• Natural draft stack 

• Three element feedwater control 

• Mechanical linkage type fuel/air ratio control 

• Stack gas oxygen content controls excess air 

• Staged firing for nitrogen oxides emission control 

• Manually operated soot blowers 

• Gilding to enclose all major equipment 


IV- 6 


Power Systems Division FCR-1333 

Pfigiqn, .Point 

• Thermal outlet - 150 million Btu/hr 

• Working fluid conditions 

Inlet - 0 psig, 85F water 

Outlet - 40 psig, 140F water 

• Thermal efficiency - 88X (CTAS ground rule) 


Operating Parameters 

Table IV>1 gives the flowrate* temperature and pressure of each 
of the major streams in the system. The stream numbers are 
identified on the system schematic diagram. 


Permissible Range of Operation 

Figure IV-2 shows the variation in thermal efficiency over the 
permissible range of operation. 


Effect of Capacity on Efficiency 

Design point efficiency varies only slightly over the range of 
thermal output considered. The variation which is shown in 
Figure IV-3 is due to change in the radiation losses from the 
boiler. 


Auxiliary Power Requirement 

Electric power is required for the forced draft fan, boiler 
feedwater pumps, and process water pumps. The power requirement 
is shown as a function of thermal ouput in Figure IV- 4. 


Environmental Intrusion 

Table IV-2 gives the stack gas emissions, wastes discharged, and 
requirements of water and atomizing steam for the beat source 
system. Data are expressed in pounds of material per million Btu 
gross energy input to the system (fuel higher heating value) . 
Stack gas emissions were calctilated on the basis of fuel 
specifications defined for this study. 


Flexibility and Relicibilitv 

This current technology heat source for non- cogeneration 
applications represents a baseline system to which the advanced 
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technology cogeneration heat soirees will be compared. Its 
characteristics are as follows. 

• Fuel Flexibility. The heat source can be modified 
to fire a wide range of petroleum or coal derived 
distillate and residual oils as well as gaseous 
fuels of varying compositions and heating vadues. 
Modifications of the fans* ductviork and burner 
system would be required. Addition of an emission 
control system for sulfur or particulate removal 
might also be required for fuels with high sulfur 
or ash content. 

• Transition to Coal or Coal Derived Fuel. 

Modifications of conventional oil fired units to 
accept coal firing is not practical due to the 
differences in combustion and heat release 

characteristics and fuel handling equipment 

required. However, coal derived gaseous and liquid 
fuels can be fired as described in the previous 
paragraph. 

• Operational Fle>:ibilitv . The unit may be operated 
from 20% to 110% of design thermal output with cwily 
a small change in efficiency. 

• Retrofit to Existing Plants . Retrofit potential is 
good because space requirements are low cuid the 
system does not have special operational or safety 
problems. 

• Retrofit of Technology Advancements . The system 
can be modified to incorporate advcuices in burner 
design euid combustion air control technology. 

• Siting Flexibility . The siting requirements are 
similar to those typical of an industrial plant. 

Rail access is required for construction and fuel 
delivery. Water must be available for boiler feed 
water makeup. However, the system has no special 
requirements which will influence siting 
flexibility. 

• Potential Reliability . Re liability has been shown 
historically to be high. Multiple units can be 
used to increase reliability witlxjut large cost 
penalties because capital and operating costs are 
relatively insensitive to unit size. 
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The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations , 

Area (sq ft) » 1090 * 10. 6C 

Volume (cu ft) =* 630C 

where C is equal to the system thermal output capacity in million 
Btu/hr. The area and volume requirements do not include the 
exhaust stack. 




Scheduled maintenance and overhaul frequencies for the heat 
source system and the associated planned outages are as follows. 

Maintenance Overhaul 


Interval 12 months 60 months 

Planned Outage Required 1 week 4 weeks 


Capital and Operating Costs 

• Capital Cost . Figure IV- 5 shows field construction 
costs versus thermal output for the tieat source 
system. The costs are broken down into eqxiipment 
and material cost and installation costs. 
Installation costs include direct installation 
labor at $14.00 per manhour plus 75X of direct 
labor costs for indirect field costs 
(distributaUoles) . Table IV-3 presents the cost 
breakdown for a system designed for 150 million 
Btu/hr thermal output capacity. 

• Operating and Maintenance . Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at $175 per million Btu/hr 
design thermal output capacity of the heat source. 


Constructi on and Installation Period 

A period of approximately two months would be required for 
construction and installation of the heat source system for the 
range of sizes considered. 
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Figure IV 1 PETROLEUM RESIDUAL OIL FIRED, 140F WATER HEATER 
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PETROLEOM RESIDUAL OIL FIRED, 140F WATER HEATER 
OPERATING PARAMETERS 
(150 MILLION BTU/HR) 


Stream 

Flowrate 

Teoqperature 

Pressure 

Number 

(lb/hr> 

m 

■UaiaA- 

1 

146,800* 

59 

15.6 

2 

156,000 

400 

14.8 

3 

156,000 

300 

14.7 

4 

157,600 

250 

30.0 

5 

157,600 

250 

75.0 

6 

156,000 

298 

65.0 

7 

3,040,000 

85 

15.0 

8 

3,040,000 

85 

60.0 

9 

3,196,000 

140 

55.0 

10 

9,200 

120 

70.0 


* 15S Excess Combustion Air 
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20 40 M N 100 

LOAD (S) 

Figure IV-2 VARIATiON OF THERMAL EFFICIENCY WITH PERCENT LOAD 
FOR THE PETROLEUM RESIDUAL OIL FIRED,140 F WATER HEATER 



Figure IV-3 VARIATION OF DESIGN POINT EFFICIENCY WITH DESIGN POINT 
OUTPUT FOR PETROLEUM RESIDUAL OIL FIRED, 140 F WATER HEATER 
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TABLE IV-2 

PETROLEUM RESIDUAL OIL PIRED, 140F NATER HEATER 
EMVIRONMEMTAL INTRUSION 


Sulfur Dioxide 
Nitrogen Oxides 
Hydrocarbons 
Carbon Monoxide 
Particulates 

Wastes Discharged 
Water (Blowdown) 
Dry Solids 
Wet Solids 


Predicted Rate 
llb/Bdllion Btu) 

0.76 

0.5 

0.02 

0.027 

0.016 

9.3 

0 

0 


Water Required 

(Exclusive of Boiler Feed Water) 0 


Steam Required (50 psig, 300F CondiUon) 
Fuel Atomizing 17.6 
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TABLE IV-3 

PETROLEDN RESIDUAL OIL FIRED, 140F NATER BEATER 
FIELD CONSTRUCTION COST 
(150 MILLION BTU/HR) 


ITEMS DQOARS 

Equipment 

Furnace (incl. boiler) 221,000 

Economizer 22,000 

Other Equipisent 171,000 

Civil/Structural 2,000 

Piping/Instrumentation 16«000 

Total Equipment and Materials 432,000 

Direct Installation Labor (a $14/MH) 92,000 

Indirect s (a 75% of Direct Labor) 69.000 

Total Field Construction Cost 593,000 

(Mid- 1978 Dollars) =««====: 
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CASE 2 

PETROLEDN RESIDOAL OZL FIRED, 300F STEAM GENERATOR 


Tta« heat 8ourc« system shoim in Figure IV- 6 uses a current 
technology industrial boiler fueled with petroleuoi residual fuel 
to produce SO psig, 300F steam. It is representive of current 
industrial practice for systems produciztg 50 to 250 million 
Btu/hr. The system's design and operating characteristics are as 
follows. 


Characteristics 

• Shop assembled, water tube, natural circulation 
boiler viith water-cooled furnace walls for indoor 
installation 

• Pressure reducing valve to achieve required steam 
conditions 

• Forced draft fan with inlet silencer 

• Externally mounted windbox with steam atomizing 
fuel oil burner and duplex fuel oil s^tem 

• Externally located finned tube economizer to 
recover heat from boiler exit gases 

• Flue gas damper to maintain natural draft 

• Natural draft stack 

• Three element feedwater control 

• Mechanical linkage type fuel/air ratio control 

• Stack gas oxygen content controls excess air 

• staged firing for nitrogen oxides emission control 

• Manually operated soot flowers 

• Building to enclose all major equipment 


Design Point Perforroapce 

• Thermal output - 150 million Btu/hr 
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• Working fluid oonditiono 

Inlot -IS poig# 250F water 
Outlet - 50 paig# 300F staan 

• lharmal affieiancy - 68X (CTAS ground rule) 


oparatina Paranatara 

Table iv-a gives tha flowrata, tamparatura and prassura for each 
of tha major straams in tha systam. Tha stream numbers are 
identified on tha systam sch«natic diagram. 


gjgaiiimt Bipat ■oL.QBmtAon 

Tha permissible range of operation and thermal efficiency over 
that range are the same for this system as for the petroleum oil 
fired, HOF water heater is shown in Figure ZV-2. 


Effect of Caoacitv on Efficiency 

The variation of design point thermal efficiency with capacity is 
the same for this system as for the petroleum residual oil fired 
140F water heater as shown in Figure IV-3. 


Auxiliary Power ReauireiPent 

Electric power is required for the forced draft fan and boiler 
feedwater pump. The power requirement is shown as a ftinction of 
thermal output in Figure IV-7. 


Table IV-5 gives the stack gas emissions, wastes discharged, and 
requirements of water and atomizing steam for the heat source 
system. Data are expressed in pounds of material per million Btu 
gross energy input to the system (fuel higher heating value). 
Stack gas emissions were calculated on the basis of fuel 
specifications defined for this study. 


This current technology heat source for non- cogeneration 
applications represents a baseline system to which the advanced 
technology cogeneration heat sources will be compared. Its 
characteristics are as follows. 

• Fuel Flexibility . The heat source can be modified 
to fire a wide range of petroleum or coal derived 
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distillate and residual oils as well as gaseous 
fuels of varying conpositims and beating values. 
Modifications of the fans, ductwork and burner 
system would be required. Addition of emission 
control system for sulfur or particulate removal 
Slight also be required for fuels with high sulfur 
or ash content. 

• KMiittop to Soil .Qg-CQtLJfrtyfdLrmt' 

Modifications of conventional oil fixed units to 
accept coal firing is not practical due to the 
differences in c«nbustion and heat release 
characteristics and fuel handling equipment 
required. However, coal derived gaseous and liquid 
fuels can be fired as described in the previous 
paragraph. 

• Operational Flexibility. The unit may be operated 
from 20X to 110X of design thermal output with only 
a small change in efficiency. 

• Retrofit to Existing Plants. Retrofit potential is 
good because space requirements are low and the 
system does not have special operational or safety 
problems. 

• BSU9 f IggfaPglggY- Aavansmntg « ISie system 

can be modified to incorporate advances in burner 
design and combustion air control technology. 

• Siting Flexibility . The siting requirements are 

similar to those typical of an industrial plant. 
Rail excess is required for construction and fuel 
delivery. Water must be available for boiler feed 
water makeup. Ho%«ever, the system has no special 
requirements which will influence siting 

flexibility. 

• Reliability has been shown 
historically to be high. Multiple units can be 
used to increase reliability without large cost 
penalties because capital and operating costs are 
relatively insensitive to unit size. 


gPdgg 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations. 

Area (sq ft) » 630 *■ 9.%C 

Volume (cu ft) = 490C 
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wlMC« C is squsl to ths systsm thsmsl output ospscity in nilUon 
Btoi/hs. Ths srss snd voIum rsquirsmnts do not include ths 
exhaust stack. 


ttiinttMnct tnd 

Scheduled aaintenance and overhaul frequencies for the heat 
source systen and the associated planned outages aro as follow. 

Maintenance overhaul 

Interval 12 months 6 0 months 

Planned Outage Required 1 week S weeks 


CiBitU Md gBtratiiw cwti 

• Capital Cost . Figure IV>8 shows field instruction 

costs versus thermal output for the > «t source 
system. The costs are broken down i^. equipment 
and material cost and installatxon costs. 
Installation costs include direi. nsPallation 
labor at $14.00 per manhour plus 15 % u direct 

labor costs for indirect fiel‘- costs 
(distributables) . Table IV- 6 presaits rhe cost 
breakdown for a system designed for 150 million 
Btu/hr thermal output capacity. 

• QMBdtiM.and Annual operating and 

maintenance costs for the system exclusive of fuel 
costs are estimated at $175 per million Btu/hr 
design thermal output capacity of the heat source. 


Construction and In stallation Period 

A period of approximately two months would be required for 
construction and installation of the heat source system for the 
range of sizes considered. 



Figure IV 6 PETROLEUM RESIDUAL OIL FIRED. 300F STEAM GENERATOR 
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TABLE IV-4 

PETROLEUM RESIDUAL OIL FIRED, 300F STEAM GENERATOR 
OPERATING PARAMETERS 
(150 MILLION BTU/HR) 


Stream 

Number 

1 

Flowrate 

Temperature 

IF) 

Pressure 

(DSia) 

146,800« 

59 

15.6 

2 

156,000 

400 

14.8 

3 

156,000 

300 

14.7 

4 

157,600 

250 

30.0 

5 

157,600 

275 

82.0 

6 

156,000 

302 

69.0 

7 

156,000 

300 

65.0 

8 

9,200 

120 

70.0 





j 


*15X Excess Combustion Air 
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TABLE IV-5 

PETROLEUM RESIDUAL OIL FIRED, 300F STEAM GENERATOR 
ENVIRONMENTAL INTRUSION 


Stack Gas Emissions 
Sulfur Dioxide 
Nitrogen Oxides 
Hydrocarbons 
Carbon Monoxide 
Particulates 

water (Blowdown) 
Dry Solids 
Wet Solids 


Predicted Rate 

0.76 

0.5 

0.02 

0.027 

0.016 

9.3 

0 

0 


pegaised 

(Exclusive of Boiler Feed Water) 0 

Steam Required (50 psig, 3 OOF Condition) 
Fuel Atomizing 17.6 
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TABLE IV-6 

PETROLEUM RESIDUAL OIL FIRED, 300F STEAM GENERATOR 
FIELD CONSTRUCTION COST 
(150 MILLION BTU/HR) 


ITEMS 


DOLLARS 


Equipment 

Furnace (incl. boiler) 

Economizer 
Other Equipment 

Civil/Structural 

Pipinq/Instrumentation 

Total Equipment and Materials 

Direct Installation Labor (a $14/MH) 
Indirects (9 75% of Direct Labor) 


222,000 
22 , 000 
117,000 


2,000 

16.000 

379,000 


89.000 

67.000 


Total Field Construction Cost 
(Mid- 1978 Dollars) 


535,000 
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CASE 3 

PEIROLEDM RESIDUAL OIL FIRED, 500F STEAM GENERATOR 


The heat source system shown in Figure IV- 9 uses a current 
technology industrial bailer fueled with petroleum residusil fuel 
to produce 600 psig, 500F steam. It is representive of current 
industrial practice for systems producing 50 to 250 million 
Btu/hr. The system* s design and operating characteristics are as 
follows. 


Characteristics 

• Shop assembled, water tube, natural circulation 
boiler with water-cooled furnace walls for indoor 
installation 

• Forced draft fan with inlet silencer 

• Externally located atomizing spray 'type 
desuperheater 

• Externally mounted windbox with steam atomizing 
fuel oil burner and duplex fuel oil system 

• Externally located finned tube economizer to 
recover heat from boiler exit gases 

• Flue gas damper to maintain natural draft 

• Natural draft sLack 

• Three element feedwater control 

• Mechanical linkage type fuel/air ratio control 

• stack gas oxygen content controls excess air 

• staged firing for nitrogen oxides emission control 

• Manually operated soot tlowers 

• Building to enclose all major equipment 


IV- 27 


Pow«r Systtm* Division 


FCR-1333 


P<gjga foinli Pigtflgmaact 

• Thcraal output - 150 million Btu/hr 

• Working fluid conditions 

Xnlst - 15 psig, 250F water 

Outlet - 600 psig, 500F steam 

• Thermal efficiency - 885 (CTAS ground rule) 


Table XV- 7 gives tbs flowrate, temperature and pressure for each 
of the major streams in the system. The stream numbers are 
identified on the system schematic diagram. 


The permissible range of operation and thermal efficiency over 
that range are the same for this system « s for the petroleum oil 
fired, 140F water heater as shown in Figure IV-2. 


The variation of design point thermal efficiency with capacity is 
the same for this system as for the petr oleum residual oil fired 
14 OF water heater as shown in Figure IV- 3. 


Electric power is required for the forced draft fan and boiler 
feedwater pump. The power requir«nent is shown as a function of 
thermal output in Figure IV- 10. 


gnYiiampsatal Inirygign 

Ted>le IV-8 gives the stack gas emissions, wastes disch«urged, and 
requirements of water and atomizing steam for the heat source 
system. Data are expressed in pounds of material per million Btu 
gross energy input to the system (fuel higher heating value). 
Stack gas emissions were calculated on the basis of fuel 
specifications defined for this study. 


This current technology heat source for non-cogeneration 
applications represents a baseline system to which the advanced 
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technology cogenoration heat aourcas will ba conparad. Zta 
charactariatics ara aa followa. 

• F^ f^ibilitv . ^a haat aourca can ba nodif iad 
to fir a a wida rai^a of patrolaom or coal darivad 
diatillata and raaidual oil a aa wall aa gaaaoua 
fuels of varying compositions and heating values. 
Modifications of the fans« ductwork and burner 
ay at am would ba required. Addition of aniasion 
control system for sulfur or particulate removal 
might also be required for fuels with high sulfur 
or ash content. 

• Transition to Coal or Coal Derived Fuel . 

Modifications of conventional oil fired units to 
accept coal firing is not practical due to the 
differences in combustion and heat release 
characteristics and fuel handling equipment 
required. However, coal derived gaseous and liquid 
fuels can be fired as described in the pravims 
paragraph. 

• Operational FlexibiUtv. The unit may be operated 
from 20X to 110X of design thermal output with only 
a small change in efficiency. 

• Retrofit _to Existing Plants. Retrofit potential is 
good because space requirements are low and the 
system does not have special operational or safety 
problems. 

• Retro fit _o £ Technology Advancements. Ihe system 
can be modified to incorporate advances in burner 
design and combustion air control technology. 

• Siting Flexibility . The siting requirements are 
similar to those typical of an industrial plant. 

Rail access is required for construction and fuel 
delivery. Water must be available for boiler feed 
water makeup. However, the system has no special 
requirements which will influence siting 
flexibility. 

• Potential Reliability. Reliability has been shown 
historically to be high. Multiple units can be 
used to increase reliability without large cost 
penalties because capital and operating costs are 
relatively insensitive to unit size. 
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8MC1 Btffliittwntt 

Th« araa and volume requiremanta for tha haat aouroa ayatam ara 
axpraaaad aa a function o * tba ayatam tharaml output capacity by 
tha following aquationa, 

Jkraa (ag ft) ■ 750 ♦ 9.9C 

Voluma (cu ft) ■ 530C 

wbara C ia equal to tha ayatam thermal output capacity in million 
Btu/hr. The area and voluma requiramanta do not include tha 
axhauat atacic. 


Maintenance and Overhaul 

Scheduled maintenance and overhaul frequencies for the heat 
source system and the associated planned outages are aa follows. 

Maintenance gytrhftVA 

Interval 12 months 60 months 

Planned Outage Required 1 week 4 weeks 


• Capital Coat . Figure IV>11 shows field 
construction costs versus thermal output for the 
heat source system. The costs are broken down into 
equipment and material cost and installation costs. 
Installation costs include direct installation 
labor at 114.00 per manhour plus 75X of direct 
labor costs for indirect field costs 
(distributables) . Table IV-9 presents the cost 
breakdown for a system designed for 150 million 
Btu/hr thermal output capacity. 

• operating and Maintenance. Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at SI 75 per million Btu/hr 
design thermal output capacity of the heat source. 


Construction and Installation Period 

A period of approximately two months would be required for 
construction and installation of the heat source system for the 
range of sizes considered. 
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TABLE IV- 7 

?Vm)LEOn RESIDUAL OIL FIRED, SOOF STEAM GENERATOR 
OPERATING PARAMETERS 
(150 MILLION BTO/HR) 


Stream 

Flowrate 

Temperature 

Pressure 

Number 

. - 

in 


1 

146,800* 

59 

15.6 

2 

156,000 

650 

14.8 

3 

156,000 

300 

14.7 

4 

152,300 

250 

30.0 

5 

152,300 

254 

715.0 

6 

133,000 

700 

640.0 

7 

18,000 

250 

715.0 

8 

151,000 

500 

615.0 

9 

9,200 

120 

70.0 


• 15S Excess Combustion Air 
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N Its m 2M zr 

TMfRMAL OUTPUT (MILUON ■TU/MR) 


Figure IV-10 VARIATION OF AUXILIARY POWER REQUIRED WITH THERMAL 
OUTPUT FOR THE PETROLEUM RESIDUAL OIL FIRED, SOO F STEAM GENERATOR 
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TABLE IV- 8 

PentOLEUM RESIDUAL OIL FIRED, 500F STEAM GENERATOR 
ENVIRONMENTAL IMRUSION 

Predicted Rate 

Stacfe Gaa Eaieeiona flb/mllUon Btul 


Sulfur Dioxide 0. 76 

Nitrogen Oxides 0.5 

Hydrocarbons 0.02 

Carbon Monoxide 0.027 

Particulates 0.016 


Water (Blowdown) 7. 9 

Dry Solids 0 

Wet Solids 0 


(Exclusive of Boiler Feed Mater) 0 


Steaw Required (50 psig, 300F Condition) 
Fuel Atomizing 17.6 
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TABLE IV-9 

PETBOLEUM RESIDUAL OIL FIFEO« SOOF STEAM GENERATOR 
FIELD CONSTRUCTION COST 
(150 MILLION BTU/HR) 

ITEMS noT^rjuts 

Equipment 

Furnace (incl. boiler) 351,000 

Econ«nizer 22,000 

Other Equipment 126,000 

dvi 1/Structural 3,000 

Piping/InstrujnentaticMi 16#0Q0 

Total Equipment and Materials 518,000 

Direct Installation Labor (3 $14/MH) 93,000 

Indirect s (3 75 X of Direct Labor) 70 .000 

Total Field Construction Cost 681,000 

(Mid- 1978 Dollars) ========= 
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CASE 4 

PETROLEUM RESIDUAL OIL FIRED, 700F STEAM GENERATOR 


The heah source system shown in Figure IV- 12 uses a ciirrent 
technology industrial boiler fueled with petroleum residual fuel 
to produce 600 psig, 70 OF steam. It is represent! ve of current 
industrial practice for systems producing 50 to 
250 million Btu/hr. The system's design and operating 
characteristics are as follows. 


• Shop assembled, water tube, natural circulation 
boiler with water-cooled furnace walls for indoor 
installation 

• Forced draft fan with inlet silencer 

• Externally mounted windbox with steam atomizing 
fuel oil burner and duplex fuel oil system 

• Externally located finned txibe economizer to 
recover heat from boiler exit gases 

• Flue gas damper to maintain natural draft 

• Natural draft stack 

• Three element feedwater control 

• Mechanical linkage type fuel/air ratio control 

• Stack gas oxygen content controls excess air 

• Staged firing for nitrogen oxides emission control 

• Manually operated soot blowers 

• Building to enclose all major equipment 


Design Point Performance 

• Thermal output - 150 million Btu/hr 

• Working fluid conditions 

Inlet - 15 psig, 2 5 OF water 

Outlet - 600 psig, 70 OF steam 

• Thermal efficiency - 88* (CTAS grour . rule) 
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9wtitAflg garwttgg 

TatoJL« ZV-10 gives the flowrate, temperature and pressure for each 
of the major streams in the system. The stream numbers are 
identified on the system schematic diagram. 

Permissible L Range of Operation 

The permissible range of operation and thermal efficiency over 
that range are the same for this system as for the petroleum oil 
fired* 140F water heater as shown in Figure lV-2. 

Effect of Cap, vcitv on Efficiency 

The variation or design point thermal efficiency %iith capacity is 
the same for this system as for the petroleum residual oil fired 
140F water heater as shown in Figure IV*3. 

Auxiliary Power Reguiremeot 

Electric power is required for the forced draft fan and boiler 
feedwater pump. The power requirement is the same as that shown 
in Figure IV-10 for the petroleum residual oil fired 500F steam 
generator. 


Environmental Intrusion 

Table XV-11 gives the stack gas emissions* viastes discharged* and 
requirements of water and atomizing stecun for the heat soxirce 
system. Data are expressed in poxinds of material per million Btu 
gross energy input to the system (fuel higher heating value). 
Stack gas emissions were calculated on the basis of fuel 
specifications defined for this study. 


Flexibilit y and Reliability 

This current technology heat source for nan-*cogeneration 
applications represents a baseline system to which the advanced 
technology cogeneration heat sources will be compared. Its 
characteristics are as follows. 

• Fuel Flexibility . The heat source can be modified 
to fire a wide range of petroleum or coal derived 
distillate euid residual oils as well as gaseous 
fuels of varying compositions and heating values. 
Modifications of the fans* ductviork and burner 
system would be required. Additicxi of emission 

control system for sulfur or particulate removal 
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mlglit also be required for fuels with high sulfur 
or ash content. 

• Transition to Coal or Coal Derived Fuel. 

Modifications of conventional oil fired units to 
accept coal firing is not practical due to the 
differences in combustion and heat release 

characteristics and fuel handling equipment 

required. However, coal derived gaseous and liquid 
fuels can be fired as described in the previous 
paragraph. 

• Operational Flexibility . The unit may be operated 
from 20 X to 110X of design thermal output with only 
a small change in efficiency. 

• Retrofit to Existing Plants . Retrofit potential is 
good because space requireaients are low and the 
system does not have special operational or safety 
problems. 

• Retrofit of Technology Advancements . Ihe system 
can be modified to incorporate advances in burner 
design and combustion air control technology. 

• Siting Plexi-bllitv , The siting requirements are 
similar to those typical of an industrial plant. 
Rail access is required for construction and fuel 
delivery. Water must be available for boiler feed 
water makeup. However, the system has no specicd. 
requirements which will influence siting 
flexibility. 

• Potential Reliability . Reliability has been shown 
historically to be high. Multiple units can be 
used to increase reliability without large cost 
penalties because capital and operating costs are 
relatively insensitive to unit sise. 


Space Requirements 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations. 

Area (sq ft) = 750 + 9. 9C 

Volume (cu ft) = 530C 

where C is equal to the system thermal output capacity in million 
Btu/hr. The area and volume requirements do not include the 
exhaust stack. 
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ttaiBttMDSa,M4 SMChMil 

scheduled maintenance and overhaul frequencies for the heat 
source system ami the associated planned outages are as follows. 

WatotaBdngft overhaul 

interval 12 months 60 months 

Planned Outage Required 1 week 4 weeks 


and Qgfiggtipg cwa 

• Capital Cost . Figure IV* 13 shows field 

construction costs versus thermal output for the 
heat source system. The costs are broken down into 
equipment and material cost and installation costs. 
Installation costs include direct installation 
labor at $14.00 per manhour plus 75$ of direct 
labor costs for indirect field costs 

(distributables) . Table IV* 12 presents the cost 
breakdown for a system designed for 150 millicMi 
Btu/hr thermal output capacity. 

• Operating and Maintenance. Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at $175 per million Btu/hr 
design thermal output capacity of the heat source. 


Construct ion and .In stallatio n Period 

A period of approximately two months would be required for 
construction and installation of the heat source system for the 
range of sizes considered. 
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TABLE IV-10 

PETROLEDM RESIDUAL OIL FIRED, 700F STEAM GENERATOR 

OPERATING PARAMETER 
(150 MILLION BTU/HR) 


Stream 

Number 

1 

Flowrate 

ab/hr1 

Temperature 

(FI 

Pressure 

(DSial 

146,800* 

59 

15.6 

2 

156,000 

650 

14.8 

3 

156,000 

300 

14.7 

4 

134,300 

250 

30.0 

5 

134,300 

254 

690.0 

6 

133,000 

700 

615.0 

7 

9,200 

120 

70.0 


* 15 X Excess Combustion Air 
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TABLE IV- 11 

PETROLEUM RESIDUAL OIL FIRED, 70 OF STEAM GENERATOR 
ENVIRONMENTAL INTRUSION 


gap 

Sulfur Dioxide 
Nitrogen Oxides 
Hydrocarbons 
Carb<m Monoxide 
Particulates 

BMtsa. Piaff^iBEgsd 
Water (Blowdown) 
Dry Solids 
Wet Solids 


Predicted Rate 

0.76 

0.5 

0.02 

0.027 

0.016 

7.9 

0 

0 


Water .Required 

(Exclusive of Boiler Feed water) 0 

Steam Required (50 psig, 3 OOF Condition) 
Fuel Atomizing 17.6 


IV- 43 


L 



000*01 



IV-44 


thermal output (MILLION BTU/HR) 

Figure IV 13 VARIATION OF FIELD CONETRUCTION COST WITH DESIGN THERMAL I 
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TABLE ZV-12 

PETROLEUM RESIDUAL OIL FIRED, 700F STEAM GEMBRATOR 
FIELD CONSTRUCTION COST 
(150 MILLION BTU/HR) 


1ZS29S 


DOLLARS 


Equipment 

Furnace (incl. boiler) 327,000 
Economizer 22,000 
Other Equipment 124, 000 

Civil/Structural 2,000 
Piping/Instrumentation 16.000 
Total Equipment and Materials 491,000 


Direct Installation Labor (3 $14/MH) 69,000 

Indirects (3 75 % of Direct Labor) 67.000 

Total Field Construction Cost 647,000 

(Mid-1978 Dollars) ss»«==3:=*s 
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CASE 5 ^ 

PSIROLION RESIDUAL OIL FIRED, 950F STEAM GENERATOR 


Tta« patroloom raaidusl oil firad, 950F staam ganarator shown in 
Figura XV- ia is a currant technology high prassura industrial 
boilar < systan including an aoononizar and air haatar for hast 
racoirary. Tha systan incorporates a shop assaoiblad package 
boilar for thermal outputs ranging from 50 to 250 million Btu/hr 
and a field assasihlad unit for capacities greater than 250 
million Btu/hr. Tha design and operating characteristics of tha 
system are as follows. 


Characteristics 

Tha following characteristics describe tha system which includes 
a package boilar (thermal output less tlian 250 million Btu/hr) . 

• Shop assembled, water tube, natural circulation 
boiler with water-cooled furnace walls 

• Radiation type superheater with no exit temperatvire 
control 

• Forced draft fan with inlet silencer 

• Externally mounted windbox with steam atomizing 
fuel oil burner and duplex fuel oil system 

• Externally located finned tube economizer to 
recover heat from boiler exit gases 

• Externally located tubular type air heater 

• Natural draft stack 

• Three element feedwater control 

• Mechanical linkage type fuel/air ratio control 

• Stack gas oxygen content controls excess air 

• Manually operated soot blowers 

• staged firing for nitrogen oxides emission control 

• Building encloses all major equipment 
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The chAracterietics £or the aytteai including a field aaseoilsled 
boiler (greater than 250 million Btu/hr output) are as follows: 

• Field assembled, water tube, natural circulation 
boiler with water -cooled furnace walls 

• Attemperation type two stage siq^erheater for exit 
steam temperature control 

• Forced draft fan with inlet silencer 

• Induced draft fan for balanced draft operation with 
stack 

• Integrated windbox with steam atomising fuel oIjl 
burner 

• Externally located finned tube economiser to 

recover heat from boiler exit gases 

• Mcernally located tubular type air heater 

• Three element feedwater control 

• Metering type fuel/air ratio control 

• stack gas oxygen content controls excess air 

• Electrically operated steam soot blowers 

• Staged firing for nitrogen oxides emission control 


Pgaign-gflint ..faE^ Qtadogg 


Thermal output 500 million Btu/hr 


Working fluid conditions 

Inlet - 15 psig, 250F water 
Outlet - 1200 psig, 950F steam 


• Thermal efficiency - 88X (CTAS ground rule) 


QPBEiUM 

Table IV- 13 gives the flowrate, temperature and pressure for each 
of the major streams in the system. The stream numbers are 
identified in the system schematic diagram. 
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fianjLti4ttt Riafli af-OPtaUan 

Flguc« XV-fS show th« variation in tbannal afficianc/ ovar tha 
pacBisaibla ranga ^ oparation. 


Effact Qf Cspacitv on Efficiancv 

Oasign poU;;: afficiancy varias only aligfatly ovar tha ranga of 
thamal output consi dared. Tha variation which is shown in 
Figura IV- 16 is dua to changa in tha radiation lossas from the 
boiler. 


AmciUarv Power Raouiremant 

Elactric powar is required for the fans and boiler feedwater 
pURp. Tha i) owar raquirement is 3.0 Idia per million Btu/hr. 


Environmental Intrusion 

Table IV-14 gives the stack gas emissions, wastes discharged, and 
requirements of water and atomizing steam for the heat source 
system. Data are expressed in pounds of material per million Btu 
gross energy input to the system (fuel higher testing value). 
Stack gas emissions were calculated on the basis of fuel 
specifications defined for this study. 


fXttxihtUtY ind BtU^iUtY 

This current technology heat source for cogeneration applications 
represents a baseline system to which the advanced technology 
cogeneration heat sources will be compared. Its characteristics 
are as follows. 

• Fuel Flexibility . The heat source can be modified 
to fire a wide range of petroleum or coal derived 
distillate and residual oils as well as gaseotis 
fuels of varying compositions and heating values. 
Modifications of the fans, ductwork and burner 
system would be required. Addition of emission 
control system for sulfur or particulate removal 
might also be required for fuels with high sulfur 
or ash content. 

• Ttansition to Coal or Coal Derived Fuel. 

Modifications of conventional oil fired units to 
accept coal firing is not practical due to the 
differences in combustion and heat release 
characteristics and fuel handling equipment 
required. However, coal derived gaseous and liq\iid 
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fuels can be fired as described in the previous 
paragraph. 

• Operational Pig»ihiii»v- The unit nay be operated 
from 20X to 110X of design thermal output with only 
a small change in efficiency. 

• Retrofit to Existing Plants. Retrofit potential is 
good because space requirements are low and the 
system does not have special operational or safety 
problems. 

• Tgshnplgqy. The system 

can be modified to incorporate advances in tnimer 
design and combustion air control technology. 

• Siting Flexibility . The siting requirements are 
similar to those typical of an industrial plant. 
Rail access is required for construction and fuel 
delivery. Water must be available for boiler feed 
water makeup. However, the system has no special 
requirements which will influence siting 
flexibility. 

• Potential Reliability . Reliability has been shown 
historically to be high. Multiple units can be 
used to increase reliability without Icurge cost 
penalties because capital and operating costs are 
relatively insensitive to unit size. 


Space Requirements 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations. 

Area (sq ft) = 750 ♦ 9. 9C (50 < C < 250) 

= 13C (C > 2 50) 

Volume (cu ft) = 530C (5 0 < C < 250) 

= 850C (C > 250) 

where C is equal to the system thermal output capacity in million 
Btu/hr. The area and volume requirements do not include the 
exhaust stack. 


Maintenance and Overhaul 

Scheduled maintenance and overhaul frequencies for the heat 
source system and the associated planned outages are as follows. 
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M^PtgMnS^ overhaul 


Interval 

Planned Outage Required 
> Thermal Output 

i 250 million Btu/hr 
> 250 million 3tu/hr 


12 months 60 months 

1 week 4 weeks 

2 weeks 8 weeks 


• Capital Cost . Figure IV- 17 shows field 
construction costs versus thermal output for the 
heat source system. The costs are broken down into 
equipment and material cost and installation costs. 
Installation costs include direct installation 
labor at $14.00 per manhcHir plus 75X of direct 
labor costs for indirect field costs 
(distributables) . TeU)le IV*>15 presents the cost 
breakdown for a system designed for 500 million 
Btu/hr thermal output capacity and Table IV-*16 
presents the cost breakdown for a system designed 
for 100 million Btu/hr thermal output capacity. 


• Operating and Maintenance - Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at $175 per million Btu/hr 
design thermal output capacity of the heat source. 


ConstrucU on and Installation Period 

The construction £md installation period required for the heat 
source is expressed as a function of the system thermal output 
capacity by the following equations: 

M = 2 {50 < C < 250) 

M = X 21 (C > 250) 

200 

where M is equal to construction and installation period in 
months and C is equal to system thermal output capacity in 
million Btu/hr. 
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TABLE IV- 13 

PETROLEUM RESIIXIAL OIL FIRED, 950F STEAM GEHERATOR 
OPERATING PARAMETERS 
(500 MILLION BTU/HR) 


Stream 

Number 

Flowrate 

(Ib/hr) 

Tenqperature 

(F» 

Pressure 

(Dsiaj 

1 

488,300* 

59 

15.1 

2 

488,000 

270 

15.0 

3 

519,000 

1000 

14.7 

4 

519,000 

500 

14.5 

5 

519,000 

300 

14.3 

6 

403,000 

250 

30.0 

7 

4 03,000 

255 

1365.0 

8 

399,000 

950 

1215.0 

9 

30,700 

120 

70.0 



I 

I 

1 * 1 SX Excess Combustion Air 
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TABLE IV- 14 

PBTROLEON RESIDUAL OIL FIRED, 950F STEAM GENERATOR 
ENVIRONMENTAL INTRUSION 

Sjasfc 

Sulfur Dioxide 
Nitrogen Oxides 
Hydrocarbons 
Carbon Monoxide 
Particulates 

wj^L8a..Diagti4C-q§d 

Hater (Blowdown) 7.1 

Dry Solids 0 

Wet Solids 0 


Predicted Rate 

0.76 

0.5 

0.02 

0.027 

0.016 


(Exclusive of Boiler Feed Hater) 0 

Steam Required (50 psig, 300F Condition) 
Fuel Atomizing 17.6 
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TABLE IV- 15 

PBTBOLEOM RESIDUAL OIL FIRED, 950F STEAM GENERATOR 
FIELD CONSTRUCTION COST 
(500 MILLION BTU/HR) 


ITEMS 




Equipment 

Furnace, Field Erected (incl. boiler 


economizer and air heater) 1,750,000 

Other Equipment 190,000 

Civil /Structural 23 , 000 

Piping/ Instrumentation 223. OOP 

Total Equipment and Materials 2,186,000 

Direct Installation Labor (3 $14/MH) 971,000 

Indirects (3 75% of Direct Labor) 728,000 


Total Field Construction Cost 
(Mid- 1978 Dollars) 


3,885,000 

as S3B S3B SS S xs 
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PETROLEUM RESIDUAL OIL FIRED, 950F STEAM GENERATOR 
FIELD CONSTRUCTION COST 
(100 MILLION BTU/HR) 


um 




Eqoipment 


Furnace, Shop Assembled (incl. boiler, 

economizer and air heater) 533,000 

Other Equipment 108,000 


Civil /Structural 


10,000 


Piping/ Instrumentation 


}9.000 


Total Equipment and Materials 


6 90,000 


Direct Installation Labor (3 $14/MH) 


74,000 


Indirects (3 75X of Direct Labor) 


> 6.000 


Total Field Construction Cost 
(Mid- 1978 Dollars) 


820,000 
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The coal derived residual oil fired steam generator, shown in 
Figure ZV-18, is an advanced technology industrial boiler system 
which produces steam at 1600 psig, 1050F; slightly higher 
temperature and pressure than available fr<MA current technology 
units. The boiler varies from current design practice only in 
its materials of construction, ihe system incorporates a shop 
assembled package boiler for thermal outputs ranging from 50 to 
250 million Btu/hr and a field assembled unit for capacities 
greater than 250 million fitu/hr. 


The following characteristics describe the system which includes 
a package boiler (thermal output less than 250 million Btu/hr) . 

• Shop assembled, water tube, natural circulation 
boiler with water-cooled furnace walls 

• Radiation type superheater with no exit steam 

temperature control 

• Forced draft fan with inlet silencer 

• Externally mounted windbox with steam atomizing 

fuel oil burner and duplex fuel oil system 

• Externally located finned tube economizer to 

recover heat from boiler exit gases 

• Externally located tubular type air beater 

• Natural draft stack 

• Three element feedwater control 

• Mechanical linkage type fuel/air ratio control 

• Stack gas oxygen content controls excess air 

• Manually operated soot blowers 

• Staged firing for nitrogen oxides emission control 

• Building encloses all major equipment 

• A flue gas particulate removal system (ESP) 

required because of high ash content of fuel 
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Th« characteristics tor the systam trtiich includes a field 
assembled boiler (greater than 250 million Btu/hr output) are as 
follows: 


• Field assembled# water tube# natural circulatim 
boiler with water-cooled furnace walls 

• Attemperation type# two stage superheater for steam 
ten^perature control 

• Forced draft fan with inlet silencer 

• Induced draft fan for balanced draft operation with 
stack 

• Integrated windbox with stemn atomizing fuel oil 
burner 

• Externally located finned tube economize: to 

recover heat from boiler exit gases 

• Externally located tubular type air beater 

• Three element feedwater control 

• Metering type fuel/ air ratio control 

• stack gas oxygen content controls excess air 

• Electrically operated stuam soot blowers 

• Staged firing for nitrogen oxides emission control 

• Flue gas particulate removal system (ESP) required 
because of high ash content of fuel 


ffsaifla .PQiat -Psr 

• Thermal output - 500 million Btu/br 

• Working fluid conditions 

Inlet - 15 psig, 2 5 OF water 
Outlet - 1800 psig# 1050F steam 

• Thermal efficiency - 88. 5X 


Qperatina Parameters 

Table IV- 17 gives the flowrate, temperature and pressure for each 
of the major streams in the system. The stream numbers are 
identified in the system schematic diagram. 
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PTWiMibU aanoa of Ctaortion 

Fiqur* XV- 19 •hoM tb« variation in thtrsial affidancy ovar tha 
paraisaibla ranga of oparation. 


gffact of Capacity. on Bfficiancv 

Oasign point afficiancy varias only alightly ovar tha ranga of 
tbaraal output eonsidarad. Tba variation which is shown in 
Figura IV-20 is dus to change in tha radiation losses from tha 
boiler. 


MiiitiirY Fflvtg Rjgttiwmnt 

Electric power is raqxiirad for ^tlM fans and boiler feedwater 
pump. Tbs power raquiramant is a.i kwa par million Btu/hr. 


Environmental intrusion 

Table IV-18 gives tba stack gas amissions, wastes discharged, and 
roquiramants of water and atomizing steam for the heat source 
system. Data are expressed in pounds of material per million Btu 
gross energy input to the system (fuel higher heating value). 
Stack gas emissions for the heat source including a particulate 
removal system v«re calculated on the basis of fuel 
specifications defined for this study. 


Flexibility and Reliability 

This advanced technology heat source has flexibility and 
reliability characteristics similar to a current technology oil 
fired unit. Its characteristics are as follows. 

• The heat source can be modified 
to fire a wide range of petroleum or coal derived 
distillate and residual oils as well as gaseous 
fuels of varying compositions and heating values. 
Modifications of the fans, ductwork and burner 
system would be required. Addition of an emission 
control system for sulfur removal might also be 
required for fuels with high sulfur content. 

• Transition to Coal or_Qther Coal_Derivei_Euel. 

Modifications of conventional oil firecl units to 
accept ooal firing is not practical due to the 
differences in combustion and heat release 

characteristics and fuel handling equipment 

required. However, coal derived gaseous fuels can 
be fired as described in the previous paragraph. 
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• oprational FUxihlUtv, Th« unit nay bm oparaM 
from 20% to 110S of daslgn tharmal output with only 
a snail ctaangs in sfficisncy. 

• Rtrofit to Existing Plants. Bntzofit potsntial is 
good bscauss spacs rsquirsnsats ars low and tbs 
systsn doss not bavo spscial opsrational or safsty 
problsns. 

« itetroflt of Tschnolocrv Advanc«B«it!i « The system 
can be nodlfied to incorporate advances in burner 
design and combustion air control technology. 

• Siting riexibUitv . The siting requirements are 
similar to those typical of an industrial plant. 

Bail access is required for construction and ftiel 
delivery. Hater must be available for boiler feed 
water makeup. However, the system has no special 
requirements which will influence siting 
flexibiUty. 

• Potential ReUabiUtv . Reliability can be assumed 
to be high because the system represents only a 
small deviation from current technology units of 
proven reliability. Multiple units can be used to 
increase reliability without large cost penalties 
because capital and operating costs are relatively 
insensitive to unit size. 


Space Reouirements 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity ^y 
the following equations. 

Area (sq ft) * 750C ♦ 9. 9C (50 5 C < 250) 

= 13C (C > 250) 

Volume (cu ft) = 530C (50 < C < 250) 

* 850C (C > 25 0) 

where C is equal to the system thermal output capacity in million 
Btu/hr. The area and volume requirements do not include the 
exhaust stack. 


Maintenance and Overhaul 

Scheduled maintenance and overhaul frequencies for the heat 

source system and the associated planned outages are as follows. j 

i 
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Mainf nanco Ovrhaiil 


Zntarval 

Flaiuiad Data?# Baquirad 
- Tbanial Output 

<250 sdllXon Btu/hr 
> 250 million Btu/hr 


12 oonths 60 Biontht 

1 waak <t ^akB 

2 waaka 8 waaks 


CiBitit ind 

* Capital Coat . Figure IV-21 afaowa field 
conatruction coata varaua thermal output for the 
heat acurce ayatam. The ooata are broken down into 
^uipmant and material coat and inatallation costs. 
Installation coats include direct installation 
labor at $18.00 per manhour plus 7 5S of direct 
labor costs for indirect field costs 
(distribtitables) . Table IV- 19 presents the coat 
breakdown for a system designed for 500 million 
Btu/hr thermal output capacity and Table IV- 20 
[uresents the cost breakdoMi for a system designed 
for 100 million Btu/hr thermal output capacity. 

• Operating and Maiotenance . Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at $175 per million Btu/hr 
design thermal output capacity of the heat source. 


Construction and lnstallatiop. Period 

The construction <md installation period required for the heat 
source is expressed as a function of the system thermal output 
capacity by the following equations: 

M « 2 (50 < C S 250) 

M » X 21 (C > 250) 

200 

where M is equal to construction and installation period in 
months and C is equal to system thermal output capacity in 
million Btu/hr. 
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TABLE IV- 17 

CDAL DERIVED RESIDUAL OIL FIRED, 1050F STEAM CEMERATOR 

OPERATING PARAMETERS 
(500 MILLION BTU/HR) 


Stream 

Number 

1 

Flowrate 

(Ib/hr) 

Temperature 
(F» _ 

Pressure 

(rsia) 

482,800* 

59 

15-1 

2 

483,000 

270 

15.0 

3 

516,000 

1000 

14.7 

4 

516,000 

500 

14.5 

5 

516,000 

300 

14-3 

6 

391,000 

250 

30.0 

7 

391,000 

258 

2015.0 

8 

387,000 

1050 

1815.0 

9 

33,200 

120 

70-0 


* 10X Excess Combustion Air 
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Figure IV 19 VARIATION OF THERMAL EFFICIENCY WITH PERCENT LOAD 
FOR THE COAL DERfVEO RESIDUAL OIL FIRED, 105D F STEAM GENERATOR 



THERMAL OUTm MLLION ITU/HR) 



IM 


i 

10M 


Figure I V-?0 VARIATION OF DESIGN POINT EFFICIENCY WITH DESIGN POINT OUTPUT 
FOR THE COAL DERIVED RESIDUAL OIL FIRED, 1050 F STEAM GE NERATOR 
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TABLE IV- 18 

CSAL DERIVED RESIDUAL OIL FIRED, 1050F STEAM GENERATOR 

ENVIRONMENTAL INTRUSION 


Stack. Gas Emissions 
Sulfur Dioxide 
Nitrogen Oxides 
Hydrocarbons 
Carbon Monoxide 
particulates 


Predicted Rate 

0.824 

0.5 

0.02 

0.027 

0.1 


Wastes Discharged 

Water (Blowdown) 6.9 

Dry solids 0.053 

Wet Solids 0 


Water Required 

(Exclusive of Boiler Feed Water) 0 

Steaun Required (50 psig, 3 OOF Condition) 
Fuel Atomizing 17.6 
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TABLE IV-19 

GOAL DERIVED RESIDUAL OIL FIRED* 10S0F STEAM CEMERATOR 

FIELD CONSTRUCTION COST 
(500 MILLION BTU/HR) 


JSW. 


DOUARS 


Equipment 

Furnace, Field Erected (inc. boiler. 


econcMnizer and air heater) 1,840,000 
Particulate Removal (ESP) 106,000 
Other Equipment 209,000 

Civil/Structural 31, 000 
Piping/Instrumentation 223 , 000 
Total Equipment and Materials 2,4 09,0 00 


Direct Installation Labor (8 $14/MH) 1,029,000 

Indirects (3 75X of Direct Labor) 772. 000 


Total Field Construction Cost 
(Mid- 1978 Dollars) 


4,210,000 
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TABLE IV- 20 

GOAL DEBZVEO RESIDUAL OIL FIRED, 1050F STEAM €EHERAT(» 

FIELD CONSTRUCTION COST 
(100 MILLION BTU/BR) 


jms 


DOLLARS 


Equipment 

Furnace, Shop Assembled (incl. boiler. 


economizer and air heater) 560,000 
Particulate Removal (ESP) 23,000 
Other Equipment 115, 000 

Civil/Structursd 14 , 000 
Piping/Instrumentation 39.000 
Total Equipment and Materials 751,000 

Direct Installation Labor (9 $14/Mfi) 85,000 
Indirects (9 75* of Direct Labor) 64.000 


Total Field Construction Cost 900,000 

(Mid- 1978 Dollars) ===*===== 
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CASE 7 

COAL OEktZVEO RESZOOAL OIL FIBED, 1800F HOT GAS GENERATOR 


The hot gas generator, shown in Figure ZV-22, is an advanced 
technology heat source system incorporating a coal derived 
residual oil fired furnace and a ceramic O-tube heat exchanger to 
heat high pressure air to 1800F. The system recirculates exhaust 
gas from the heat exchanger into the furnace to moderate its 
combustion gas temperature. A single furnace and heat exchanger 
are used in systems producing 50 to 125 million Btu/hr, with 
higher outputs requiring multiple units. The system's design and 
operating characteristics are as follows. 


• Coal derived residu&l oil fired furnace with 10 X 
excess air; high pressure fuel atomization 

• staged firing for nitrogen oxides emission control 

• Oxygen content in the flue gases control excess air 

• Air/fuel metering control 

• Recirculating flue gases control working fluid 
outlet temperature 

• 0**tube heat exchanger includdLng ceramic high 

temperature section and metal superalloy moderate 
temperature sectiems 

• Tubular type, metal air heater 

• Forced draft fan with inlet silencer 

• Induced draft fan with exhaust stack 

• Recirculation fan for cooled flue gases 

• Electrically operated soot blowers using high 

temperature working fluid (air) 

• Carbon steel ducting with insulating refractory 

• Particulate removal system (ESP) to meet emission 
requirements 
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.faint ..egg tomMcg 

• Thermal output - 125 million Btu/hr 

• Horking fluid conditions 

Inlet - 606 psia, 8 OOF air 
Outlet - 600 psia, 1800F air 

• Thermal efficiency - 88.35 


Operating Parameters 

Table IV-21 gives the flowrate, temperature and pressure of each 
of the major streams in the system. The stream numbers are 
identified on the system schematic diagram. 


EsnAgaifala RdMfe.gf. gpggftUgp 

The permissible range of operation and the variation in thermal 
efficiency over that range is the same for this system as for the 
coal derived residual oil fired, 1050F steam generator as shown 
in Figure IV-19. 


Effect of Capacity on Efficiency 

Design point efficiency is assumed to be constant over the range 
of thermal output considered because multiple units are used to 
achieve higher capacities. 


AatiliaiY- Ppyfgg 

Electric power is required for the forced draft, induced draft 
and recirculation fans. The power requirement is 1.85 kWe per 
million Btu/hr. 


Environmental Intrusion 

Table IV-22 gives the stack gas emissions, wastes discharged, and 
requirements of water and atomizing steam for the heat source 
system. Data are expressed in pounds of material per million Btu 
gross energy input to the system (fuel higher heating value). 
Stack gas emissions for the heat source including a particulate 
removal syster:< were calculated on the basis of fuel 
specifications defined for this study. 
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EitiUMiUtY Mfl MUtfeUiliY 

This advanced ta^nology heat source has flexibility and 
reliability characteristics similar to a current technology oil 
fired unit. Its characteristics are as follows. 

• Fuel Flexibility, The heat source can be modified 
to fire a wide range of petroleum or coal derived 
distillate and residual oils as well as gaseom 
fuels of varying compositions aiul heating values. 
Modifications of the fans, duct%#ork and burner 
system would be required. Addition of an emission 
control system for sulfur removal might also be 
required for fuels with high sulfur content. 

• Transition to Coal or. Other Coal Derived Fuel. 
Modifications of the oil fired furnace to accept 
coal firing is not practical due to the differences 
in cooUdustion and heat release characteristics and 
fuel handling equipment required. However, coal 
derived gaseous fuels can be fired as described in 
the previous paragraph. 

• Operational Flexibility . The unit may be operated 
from 20 % to 110% of design tbexmal output with only 
a small change in efficiency. 

• Retrofit to Existing Plants. Retrofit potential is 
good because space requirements are low. However, 
it may be limited by special operational problems 
associated with the high temperature, ceramic heat 
exchanger. 

• Retrofit of Technology Advancements. The system 
can be modified to incorporate advances in burner 
design and conbustiOT air ccmtrol technology. 

• siting Flexibility . The siting requirements are 
similar to those typical of <ui industrial plant. 

Rail excess is required for construction and fuel 
delivery. However, the system has no special 

requirements which will influence siting 
flexibility. 

• Potential Reliabi litv . Reliability is expected to 
be high since a majority of the components such as 
furnace, fans and air heaters are of conventional 
type. The ceramic heat exchanger is an advanced 
technology component which can be expected to 
function reliadaly once the problems associated with 
the materials of construction are solved. Due to 
nodular design of the heat source, multiple units 
will be used for capacities greater than 125 
million Btu/hr, resulting in increased reliability. 
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flBjgjJttmiJtimitf 

Th« area and voloma raquiraMnts for tha haat souroa ayatam ara 
axpraaaad aa a function of tha ayatam tharmal output capacity by 
tha following ^uationa# 

Araa (ag ft) • 2000 ♦ 20C 

Volume (cu ft) ■ 1700C 

tfhara C ia aqual to tha ayatam thermal output capacity in million 
Btu/hr* Tha area and volume raquiramanta do not include the 
axhauat atack. 


Maintenance and Overhaul 

Scheduled maintenance and overhaul frequenciea for the heat 
aource ayatam and the aaaociated planned ouoagea are aa followa. 

Maintenance 

Interval 12 months 60 months 

Planned Outage Pequired 2 weeks 6 weeks 


CanitAi and Operating Costs 

• Capital Cost . Figure IV-23 shows field 
construction costs versus thermal output for the 
heat source system. The costs are broken down into 
equipment and material cost and instadlation costs. 
Installation costs include direct installation 
labor at $14.00 per manhour plus 75X of direct 
labor costs for indirect field costs 
(distributables) . Table IV-23 presents the cost 
breakdown for a system designed for 125 million 
Btu/hr thermal output capacity. 

• Operati ng and Maintenance. Annual operating and 
maint/^^nance costs for the system exclusive of fuel 
costs are estimated at $234 per million Btu/hr 
design thermal output capacity of the heat source. 


Constructi on and Installation Period 

The construction ^md installation period required for the heat 
source is expressed as a function of the system thermal output 
capacity by the following equation: 

M « X 20 

200 
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vhtM M is squsl to constructicMi an4 installation pariod in 
B»nths and C is squal to systan tbarmal output capacity in 
sdllion Btu/hr- 
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FIGURF lV-22 COAL DERIVED RESIDUAL OIL FIRED, 1800F HOT GAS GENERATOR 
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7A£LE ZV-21 

COAL DERIVED BSSZDOAL OIL FIRED, 16 OOF HOT GAS GENERATOR 

OPERATING PARAMETERS 
(125 MILLION BTU/BR) 


StrMM 

NuaibT 

1 

2 

3 

4 

5 

6 
7 
6 
9 

10 


Flowrate 

(Ib/hrl 

Temperature 

iFl 

Pressure 

(DSia) 

120,700* 

59 

15.1 

120,700 

1340 

15.0 

206,000 

3300 

14.7 

208,000 

1400 

14.6 

79,000 

1400 

14.6 

129,000 

1400 

14. 6 

129,000 

300 

14.5 

462,000 

800 

606.0 

462,000 

1800 

600.0 

8,300 

120 

140.0 


* 1 0X Excess Combustion Air 
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TABLE IV- 22 


CCAL DERIVED RESIDUAL OIL FIRED 

, 180 OF HOT GAS GENERATOR 

ENVIRONMENTAL 

INTRUSION 

Stack Gaa Emissions 

Predicted Rate 
(Ib/million Btu) 

Sulfur Dioxide 

0.824 

Nitrogen Oxides 

0.5 

Hydrocarbons 

0.02 

Carbon Monoxide 

0.027 

Particulates 

0. 1 


Wastes Discharged 
Water (Blowdown) 
Dry Solids 
Wet Solids 


0 

0.05 3 
0 


Water Required 

(Exclusive of Boiler Feed Water) 0 

Steam Required (50 psig, 300F Condition) 
Fuel Atomizing 17.6 
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TABLE IV-23 


COAL DERIVED RESZOOAL OIL FIRED, 1800F HOT GAS GENERATOR 

FIELD CONSTRUCTION COST 
(125 MILLION BTU/HR) 


IZSifS 


DOT.TAR,^ 


Equipment 


Furnace 
Heat Exchanger 
Air Heater 

Particulate Removal (ESP) 
Other Equipmoit 


332.000 
1,134,000 

485.000 
27,000 

2 00,000 


Ci vi 1/StructuTeU. 

Pipin g/ In st rumen tation 
Total Equipment and Materials 


122,000 

80.000 

2,380,000 


Direct Installation Labor (3 S14/MH) 
Indirects (3 75X of Direct Labor) 


169.000 

127.000 


Total Field Construction Cost 
(Mid- 1978 Dollars) 


2,676,000 
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CASE 0 

COAL OERXVEO RESIDUAL OH. FIRED, 2200F HOT GAS GENERATOR 


Tbe hot gas generator, shown in Figure IV>24, is an advanced 
technology heat source system incorporating a coal derived 
residual oil fired furnace and a ceramic U^tube heat exchanger to 
heat high pressure adr to 2200F. The system recirculates exhaust 
gas from the heat exchanger into the furnace to moderate its 
combustion gas temperature and includes an air preheater for heat 
recovery. A single furnace and heat exchai^er are used in 
systems producing 50 to 125 million Btu/hr with higher outputs 
requiring multiple units. The system* s design and operating 
characteristics are as follows. 


• Coal derived residual oil fired furnace with 10 X 
excess air; high pressure fuel atcxnization 

• Staged firing for nitrogen oxides emission control 

• Oxygen content in the flue gases control excess air 

• Air/fuel metering control 

• Recirculating flue gases control working fluid 
outlet temperature 

• U-tube heat exchanger including ceramic high 

temperature section and metal super alloy moderate 
temperature secticxis 

• Tubular type metal air heater 

• Forced draft fan with inlet silencer 

• Induced draft fan with exhaust stack 

• Recirculation fan for cooled flue gcises 

• Electrically operated soot blowers using high 

tempera txire working fluj.d (air) 

• Carbon steel ducting with insulating refractory 

• Particulate removal system (ESP) to meet emission 
requirements 
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Design Point Perfooiance 

• Thermal output - 125 million Btu/br 

• Working fluid conditions 

Inlet ■* 608 psia, 12 OOF air 
Outlet - 600 psla, 2200F air 

• Thermal efficiency - 88. 3X 


Table IV-24 gives the flowrate, temperature and pressure of each 
of the major streams in the system. The stream numbers are 
identified on the system schematic diagram. 


Permissible Range of QperaUon 

The permissible range of operation and the variation in thermal 
efficiency over that range is the seune for this system as for the 
coal derived residueil oil fired, 1050F steam generator <is shown 
in Figxire IV-19. 


Effect of Capacity on Efficiency 

Design point efficiency is assumed to be constant over the range 
of therm^d output considered because multiple units are used to 
achieve higher capacities. 


Auxiliary. Power Reguirement 

Electric power is required for the forced draft, induced draft 
and recirculation fans. The power requirement is 2.34 kWe per 
million Btu/hr. 


Environmental Intrusion 

Table IV-25 gives the stack gas emissions, wastes discharged, and 
requirements of water and atomizing steam for the heat source 
system. Data are expressed in pounds of material per million Btu 
gross energy input to the system (fuel higher heating value) . 
Stack gas emissions for the heat source including a particulate 
removal system were calculated on the basis of fuel 
specifications defined for this study. 
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This advanced technology heat source has flexihility and 
reliability characteristics similar to a current technology oil 
fired unit. Its characteristics are as follows. 

• Fuel Flexibility . The heat source can be modified 
to fire a wide range of petroleum or coal derived 
distillate and residual oils as well as gaseous 
fuels of varying compositions and heating values. 
Modifications of the fans, ductwork and burner 
system would be required. Addition of an emission 
control system for sulfur removal might also be 
required for fuels with high sulfur content. 

Modifications of the oil fired furnace to accept 
coaiL firing is not practical due to the differences 
in combustion and heat release characteristics and 
fuel handling equipment required. However, coal 
derived g^iseous fi^ls can be fired as described in 
the previous paragraph. 

• Operational Fle xihi li-t-v. The unit may be operated 
from 20X to 110% of design thermal output with only 
a small change in efficiency. 

• Retrofit to Existing Plants . Retrofit potential is 
sood because space requirements are low. However, 
it may be limited by .special operational problems 
associated with the high temperature, ceramic heat 
excha.-vger. 

• Retrofit of Technology Advaix:ements . The system 
can be n.^dified to incorporate advances in burner 
design and oombustion air control technology. 

• Siting Fie xibi.L itv. The siting requirements are 
similar to tho'e typical of an industrial plant. 

Rail acce^ is req-iired for construction and fuel 
delivery. However, the system has no specied. 

requirements which will influence siting 
flexibility. 

• Potential RelicLbilitv . Reliability is expected to 
be high since a majority of the components such as 
furnace, fans and air heaters are of conventional 
type. The ceramic heat exchanger is an advanced 
technology component which can be expected to 
function reliably once the problems associated with 
the materials of construction are solved. Due to 
modular design of the heat source, multiple units 
will be used for capacities greater than 125 
million Btu/hr, resulting in increased reliability. 
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Space Baattirenanta 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations. 

Area (sq ft) • 2000 ♦ 20C 

Volume (cu ft) « 1700C 

vJi.jre C is equal to the system thermal output capacity in million 
Btu/br. The area and volume requirements do not include the 
exhaust stack. 


Maintenance and Overhaul 

Scheduled mainteiance and overhaul frequencies for the heat 
source system and the associated planned outages are as follows. 

Overhaul 

Interval 12 months 60 months 

Planned OiJtage Required 2 weeks 6 weeks 


Caaisal. 09 st? 

• Capital Cost . Figure IV-25 shows field 
construction costs versus thermal output for the 
heat source system. The costs are broken down into 
equipment and material cost and instadlation costs. 
Installation costs include direct installation 
labor at $14.00 per manhour plus 75X of direct 
labor costs for indirect field costs 
(distrihutables) . Tctble IV-26 presents the cost 
breakdown for a system designed for 125 million 
Btu/hr thermal output capacity. 

• Operating and Maintenance . The annual operating 
and maintenance costs for the system exclusive of 
fuel costs are estimated at $234 per million Btu/hr 
thermal design output capacity of the heat source. 


Cgqgtpgglagfi and lnsi^alla t ^pn.. | »egiod 

The construction and installation period required for the heat 
source is expressed as a function of the system thermal output 
capacity by the following egioation: 

M = X 20 

200 
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where M is equal to construction and installation period in 
months and C is equal to system thermal output capacity in 
million Btu/hr. 
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TABLE IV- 24 

CQMm derived residual oil 'fired, 2200F HOT GAS GENERATOR 

OPERATING PARAMETERS 
(125 MILLION BTU/HR) 


Stream 

Flowrate 

Temperature 

Pressure 

Niaiber 

1 

(Ib/hrl 

(F) 

(Dsia) 

120, 700* 

59 

15.1 

2 

120,700 

1340 

15.0 

3 

268,000 

2900 

14.7 

4 

268,000 

1400 

14.6 

5 

139,000 

1400 

14.6 

6 

129,000 

1400 

14.6 

7 

129,000 

300 

14.5 

8 

447,000 

1200 

608.0 

9 

447,000 

2200 

600.0 

10 

8,300 

120 

140.0 


* 10X Excess Combustion Air 
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T21BLE IV-25 

CGAL DERIVED RESIDUAL OIL FIRED, 2200F HOT GAS GENERATOR 

ENVIRONMENTAL INTRUSION 


Stack Gas Emissions 
Sulfur Dioxide 
Nitrogen Oxides 
Hydrocarbons 
Carbon Monoxide 
Particulates 


Predicted Rate 
Clb/million Btu) 

0.824 

0.5 

0.02 

C.027 

0 . 1 


Wastes Discharged 
water (Blowdown) 
Dry Solids 
Wet Solids 


0 

0.053 

0 


water Required 

(Exclusive of Boiler Feed Water) 0 

Steam Required (50 psig, 3 OOF Condition) 
Fuel Atomizing 17.6 
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TABLE ZV-26 

COAL DERIVED RESIDUAL OIL FIRED, 2200F HOT GAS GENERATOR 

FIELD CONSTRUCTION COST 
(125 MILLION BTU/HR) 


ITEMS noT.TAPfi 

Equipmont 

Furnace 332,000 
Heat Exchanger 2,(143,000 
Air Heater 4 85,0 00 
Particulate Removal (ESP) 27,0 00 
Other Equipment 242,000 

Civil/ Structural 122,000 
Piping/Instrumentation 80.000 
I^cal Equipment and Materials 3,731,000 


Direct Installation Labor (3 S14/MH) 172,000 

Indirects (9 75X of Direct Labor) 129. OOP 


Total Field Construction Cost 
(Mid-1978 Dollars) 


4,032,000 
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Th« heat source aystom shown in Figure IV-26 incorporates an 
advanced technology coal derived resichial oil fired furnace, a 
high temperature ceramic air preheater, and a steam generator. 
The system supplies heat to thermionic odnverter operating at 
2400F located within the furnace and produces 700F steam. Its 
design and operating characteristics are as follows. 


• Vertical standing, coal derived residual oil fired 
furnace with provision to install vertical h:>at 
pipes in the furnace walls and curtains 

• Provision to install thermionic coverters on top of 
the furnace 

• Furnace witl^ heat pipes is enclosed in casing .ath 
insulation 

• Burners are located on two opposing walls with 
secondary air for nitrogen oxides em^sion control 
introduced into the furnace 

• Forced draft and induced draft fans 

• U-tube ceraodc and superalloy high temperature air 
heater and carbon steel low temperature air heater 

• Steam generator located between two stages of aiz 
heaters 

• Boiler feed pump 


Design Point Performance 

• Thermal output 

Thermionic converters - 104 million Btu/hr 
Steam generation - 21 million Btu/hr 
Total output - 125 million Btu/hr 

• Working fluid conditions (steam generation) 

Inlet - 15 psig, 250F water 
Outlet - 600 psig, 7 OOF steam 

• Thermal efficiency - 88. 3* 
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Table IV- 27 gives the flowrate, temperature and pressure for each 
of the major streams in the system.' The stream numbers are 
identified on the system schematic diagram. Figure IV- 27 shows 
the distribution of various thermal outputs from a typical 
thermionic furnace. 


egCP>iggi^ig,Eapgg..gf .gp§gat4g|i 

The permissible range of operation and thermal efficiency over 
that range is the same for this system as for the coal derived 
residuad oil fired, 1050F steam generator as shown in Figure 
IV-1 9. 


Effect of Capacity. on Efficiency 

The design point thermal efficiency varies slightly with thermal 
output capacity due to variation in furnace radiation losses. 
The variation for this system is the same as that shown in Figure 
IV-20 for the coal derived residual oil fired, 105 OF steam 
generator. 


Auxiliary Power Requirement 

Electric power is required for the system fans and boiler 
feedwater pump. The power requirement is 1.3 kWe per million 
Btu/hr. 


Environmental Intrusion 

Table IV-28 gives the stack gas emissions, wastes discharged, and 
requirements of water and atomizing steam for the heat source 
system- Data are expressed in pounds of material per million Btu 
gross energy input to the system (fuel higher heating value) - 
Stack gas emissions for the heat source including a particulate 
removal system were calculated on the basis of fuel 
specifications defined for this study. 


Flexibility and Reliability 

This advanced technology heat source has flexibility and 
reliability characteristics similar to a current technology oil 
fired unit. Its characteristics are as follows. 

• Fuel Flexibility . The heat source can be modified 
to fire a wide range of petroleum or coal derived 
distillate and residual oils as well as gaseous 
fuels of varying compositions and heating values- 
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Modifications of the fans* ductwork and humer 
system would be required. Addition of an emission 
control system for sulfur removal might also be 
required for fuels with high sulfur content. 

• Ttansition to Coal or other Coal Derived Fuel. 
Modifications of the oil fired furnace to accept 
coal firing is not practical due to the differences 
in combustion and heat release characteristics and 
fuel handling equipment required. However* coal 
derived gaseous fuels can be fired as described in 
the previous paragraph. 

• Operational Fle »ihi i i tv- The unit may be operated 
from 20 % to 110X of design thermal output with only 
a small change in efficiency. 

• Retrofit to Existing Plants . Retrofit potential is 
good because space requirements are low. However* 
it may be limited by special operational problems 
associated with the high temperature, ceramic heat 
exchanger. 

• Retrofit of Technology Advancements . The system 
can be modified to incorporate advances in burner 
design and combustion air control technology. 

• Siting Flexibility. The siting requirements are 

similar to those typical of an industrial plant. 
Rail access is required for construction and fuel 
delivery. However* the system hats no special 

requirements which will influence siting 
flexibility- 

• Potential Reliability . Reliability is expected to 
be high since a majority of the components such as 
furnace, fans and air heaters are of conventional 
type. The ceramic heat exchanger is an advanced 
technology component which can be expected to 
function reliably once the problems associated with 
the materials of construction are solved. 


Space Requirements 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations. 

Area (sq ftj = 32C 

Volume (cu ft) = 1920C 
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where C is equal to the system tberm^d output capacity in million 
Btu/hr. The area and volume requirements do not include the 
exhaust stack. 


Maintenanc e and Overhaul 

Scheduled maintenance and overhaul frequencies for the heat 
source system and the associated planned outages are as follows. 

Maintencmce Overhaul 

Interval 12 months 60 months 

Planned Outage Required 2 weeks 6 weeks 


Capital and Operating Costs 

• Capital Cost . Figure IV-28 shows field 
construction costs versus thermal output for the 
heat source system. The costs are broken down into 
equipment and material cost and installation costs. 
Installation costs include direct installation 
labor at $14-00 per mcuihour plus 7 5S of direct 
labor costs for indirect field costs 
(distributables) . Table IV- 2 9 presents the cost 
bireakdown for a system designed for 125 million 
Btu/hr thermal output capacity. 

• Operating and Maintenance . The annual operating 
and mcLintenance costs for the system exclusive of 
fuel costs are estimated at $321 per million Btvi/hr 
thermal design output capacity of the heat source. 


Construction and Installation Period 

The construction and installation period required for the heat 
source is expressed eis a function of the system thermal output 
capacity by the following equation: 

M = X 26 

200 

where M is equal to construction emd installation period in 
months and C is equal to system thermal output capacity in 
million Btu/hr. 


Alternative Thermionic Converter Heat Source 

An alternative system to provide heat to thermionic converters 
(Case 9A) is shown in Figure IV- 29. Table IV- 30 gives the 
flowrate, temperature and pressure of each of the major streams 
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in the system. The system preheats the combustion air to 1400F 
instead o£ 2200F used in the baseline case (Case 9). As a 
result, the ceramic material air heater used in the Case 9 is not 
required for Case 9A. The following compares the performance and 
cost of the two cases: 


Thermal Output 
(Million Btu/hr) 

Case 9 


To THX 

104 

77 

To Steam 

-21 

-45 


Total 125 

125 

Thermal Efficiency 

88.3% 

88.3% 

Relative Cost 

1.0 

0.83 


Table IV-31 presents the cost breakdoim for the alternate system 
designed for 125 million Btu/hr thermal output capacity. 
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TABLE IV- 27 

COAL DERIVED RESIDUAL OIL FIRE ), 24 OOF THERMIONIC 
CONVERTER HEAT SOURCE - OPERATING PARAMETERS 
(125 MILLION BTU/HR) 


Stream 

Flowrate 

Temperature 

Pressure 

Number 


tfl 

jRpk^l 

1 

120,700* 

59 

15.2 

2 

120,700 

300 

15.1 

3 

120,700 

2200 

15.0 

4 

129,000 

2650 

14.8 

5 

129,000 

1100 

14.7 

6 

129,000 

500 

14.6 

7 

129,000 

300 

14.5 

8 

19,500 

250 

30.0 

9 

18,600 

700 

615.0 

10 

8,300 

120 

140.0 


* 10% Excess Combustion Air 
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TOTAL THERMAL OUTPUT (MILLION BTU/HR) 

Figure IV-27 

DISTRIBUTION OF TOTAL THERMAL OUTPITT OF THE COAL DERIVED 
OIL FIRED^2400 F THERMIONIC CONVERTER HEAT SOURCE 


IV-97 


Power Systems Division 


FCR-1333 


TABLE IV-28 

CX)AT. DERIVED RESIDUAL OIL FIRED, 2400F THERMIONIC 
CONVERTER HEAT SOURCE 
ENVIRONMENTAL INTRUSION 

Predicted Rate 

Stack 3 as Emissions (Ib/million Btul 

Sulfur Dioxide 
Nitrogen Oxides 
Hydrocarbons 
Carbon Monoxide 
Particulates 

Wastes Discharged 
Water (Blowdown) 

Dry Solids 
Wet Solids 

Water Required 

(Exclusive of Boiler Feed Water) 0 

Steaun Re aired (50 psig, 300F Condition) 

Fuel Atomizing 17.6 


0.824 
0.5 
0.02 
0.027 
0 . 1 

1.3 

0.053 

0 
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TABLE IV- 2 9 

COAL DERIVED RESIDUAL O.IL FIRED, 2400F THERMIONIC 
CONVERTER HEAT SOURCE 
FIELD CONSTRUCTION COST 
(125 MILLION BTU/HR) 


HEM 


Equipment 

Furnace 

Air Heater, High Temperature 
Low Temperature 
Steam Generator 
Particulate Removal (ESP) 
Other Equipment 


C iv il /Stru ctural 

Piping/ Instrumentation 

Total Equipment and Materials 


Direct Installation Labor (S $14/MH) 
Indirects (3 75* of Direct Labor) 


Total Field Construction Cost 
(Mid- 1978 Dollars) 


DOLLARS 


726, 

000 

731, 

000 

44, 

000 

100, 

000 

27, 

000 

1 44, 

000 

120, 

000 

93, 

000 

1,985, 

000 

420, 

000 

315, 

000 

2,720, 

000 
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TABLE IV- 30 

COAL DERIVED RESIDUAL OIL FIRED, 24 OOF THERMIONIC 
CONVERTER ALTERNATE HEAT SOURCE 
(WITHOUT CERAMIC AIR HEATER) 

OPERATING PARAMETERS 
(125 MILLION BTU/HR) 


Stream 

Number 

Flowrate 

Temperature 

(F) 

Pressure 
■ ipsi§i_ 

1 

120,700* 

59 

15. 2 

2 

120,700 

420 

15. 1 

3 

120,700 

1400 

15 .0 

4 

129,000 

2650 

14. 8 

5A 

129,000 

1700 

14.7 

5B 

129,000 

880 

14.6 

6 

129,000 

530 

14.6 

7 

129,000 

300 

14.5 

8 

40,000 

250 

30.0 

9A 

40,000 

540 

1975.0 

9B 

38,000 

1050 

1815.0 

10 

8,300 

120 

140.0 


* 10* Excess Combustion Air 
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TABLE IV- 31 

COAL DERIVED RESIDUAL OIL FIRED, 24 OOF THERMIONIC 
CONVERTER ALTERNATE HEAT SOURCE 
(WITHOUT CERAMIC AIR HEATER) 

FIELD CONSTRUCTION COST 
(125 MILLION BTU/HR) 


ITEMS PQLIAgS 

Equipment 

Furnace 513,000 

Air Heater, High Temperature 273,000 

Low Temperature 100,000 

Steam Generator 331,000 

Particulate Removal 27,000 

Other Equipment 179,000 


Civil/Structural 120,000 
Piping/ Instrumentation 93,000 
Total Equipment amd Materials 1,6 36,000 

Direct Installation Labor (d) S14/MH) 350, 000 
Indirects (d 75* of Direct Labor) 263 , 000 


Total Fielo Construction Cost 
(Mid- i 78 Dollars) 


2,249,000 
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The coal fired, 950F steam generator shown in Figure IV-30, is a 
current technology high pressure industrial boiler system 
including an economizer and air heater for heat recovery. The 
system requires a flue gas sulfur dioxide scrubber to meet 
emission requirements.* i-t incorporates a stoker- fired boiler for 
thermal outputs ranging from 50 to 150 million Btu/hr. Higher 
capacity systems include a pulverized coal fired boiler. The 
design and operating characteristics of the system are as 
follows. 


Characteristics 

The following characteristics describe the system which includes 
a stoker-fired boiler (thermal output less than 150 million 
Btu/hr) - 

• Water tube, natural circulation with water-cooled 
furnace walls 

• Field assembled construction 

• Spreader stoker with integrated plenum 

• Spray type attemperator controls superheater steam 
temperature 

• Externally located economizer 

• Forced d.ccft fan with inlet silencer 

• Externally located tubular air heater 

• Cyclone for flue gas particulate removal 

• Induced draft fan for balanced draft operation with 
stack 

• Air/fuel metering control 

• Three element feedwater control 

• Manually operated soot blowers 


♦The sulfur dioxide scrubber is not included as part of this 
heat source. It is a balance of plant system. 
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• Stack gas oxygen content controls excess air at 35X 

• Building enclosure for niajor equipment 

The characteristics of the system which includes a pulverized 
coal fired boiler are as follows (thermal output greater than 
150 million Btu/hr). 

• Water tube, natural circulation with water-cooled 
furnace walls 

• Field assembled construction 

• Pulverizer with primary air fans 

• Pulverized coal burners 

• Spray type attemperator controls superheater steam 
temperature 

• Externally located economizer 

• Forced draft fan with inlet silencer 

• Externally located tubular air heater 

• Cyclone for flue gas particulate removal 

• Induced draft fan for balanced draft operation with 
stack 

• Air/fuel metering control 

• Three element feedwater control 

• Electrically operated soot blowers 

• Stack gas oxygen content controls excess air at 25% 


Desiun Point Performance 

• Thermal output - 500 million Btu/hr 

• Working fluid conditions 

Inlet - IS psig, 250F water 
Outlet - 1200 psig, 950F steam 


• Thermal efficiency - 85% (CTAS ground rule) 
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Tablo IV'32 gives the flowrate, temperature and pressure for each 
of the major streams in the system. The stream numbers are 
identified on the system schematic diagram. 


Permissibl e Range of Operation 

Figure IV-31 shows the variation in thermal efficiency over the 
permissible range of operation. 


Effect of Capacity on Efficiency 

The variation in design point efficiency over the range of 
thermal output considered is shown in Figure IV-32. The 

efficiency of the pulverized coal fired system varies slightly 
due to change in radiation losses. The smaller, stoker- fired 
unit has a lower thermal efficiency due to higher excess air 
required and lower combustion efficiency. 


;yuxiliarv Power Requirements 

Electric power is required for the system fans, pulverizer and 
boiler feed pumps. The power required is: 

Thermal Output Electric Power Required 

(Million Btu/Hr) (kWe /Million Btu/Hrt 

50 - 150 3.5 

150 - 1000 4.3 


Environmental Intrusion 

Table IV-33 gives the stack gas emissions, wastes discharged, and 
requirements of water and atomizing steam for the heat source 
system- Data are expressed in pounds of material per million Btu 
gross energy input to the system (fuel higher heating value) . 
Stack gas emissions for the heat source including a particulate 
removal system were calculated on the basis of fuel 
specifications defined for this study. The sulfur dioxide 
emission level includes the effect of incorporating a sulfur 
dioxide scrubber system. 


Flexibility and Reliability 

This current technology heat source for cogeneration applications 
represents a baseline system to which the advanced technology 
cogeneration heat sources will be compared. Its characteristics 
are as follows. 
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• Fuel Flexibility . Both the pulverized coal fired 
and smaller stoker fired units can accept a wide 
range of coals. Increased fuel feeding capability 
would be reguired for subbituminous and lignite 
coals which have lower heat content. Stoker fired 
units can also be modified to fire wood and waste 
solid fuels. 

• Tr ansition to Coal Derived Fuel . Modifications of 
conventional coal fired units to accept coal 
derived gaseous or liquid fuel firing is not 
practical due to the differences in combustion and 
heat release characteristics and fuel handling 
equipment required. 

• Operational Flexibility . The unit may be operated 
from 20* to 110* of design thermal output with only 
a small change in efficiency. 

• Retrofit to Existing Plants . Retrofit potential is 
limited by the large space requirements and the 
operational and safety problems associated with 
storage and handling of coal. 

• Retrofit of Technology Advancements . The system 
can be modified to incorporate advances in burner 
design and combustion air control technology. 

• Siting Flexibility . The siting requirements are 
similar to those typical of oui industrial plant. 
Rail access is required for construction and fuel 
delivery. Water must be available for boiler feed 
water makeup. However, the system has no special 
requirements which will influence siting 
flexibility. 

• Potential Reliability . Reliability has been shown 
historically to be high. Multiple units can be 
used to increase reliability without large cost 
penalties because capital and operating costs are 
relatively insensitive to unit size. 


space Requirements 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations. 


Area (sq ft) = 40C 

(50 < C < 

150) 

= 19C 

(C > 150) 


Volume (cu ft) = 2 40 0C 

(50 < C < 

150) 

= 2 55 0C 

(C > 15 0) 
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where C is equal to the system thenn^d output capacity in million 
Btu/hr. The area and volume reqtiirements do not include the 
exhaust stack. 


Maintenance and Overhaul 

Scheduled maintenance and overhaul frequencies for the heat 
source system and the associated planned outiages are as follows. 

Maintenance Overhaul 

Interval 6 months 36 months 

Planned Outage Required 2 weeks 6 weeks 


Capital and Oiaeratinq Costs 

• Capital Cost . Figure IV- 33 shows field 

construction costs versus thermad output for the 
heat source system. The costs are broken down into 
equipment and material cost and installation costs. 
Installation costs include direct installation 
leibor at $14.00 per manhour plus 75X of direct 
labor costs for indirect field costs 

(distributables) . Table IV-34 presents the cost 
breakdown of a system for 500 million Btu/hr 
thermal output capacity and Table IV-35 presents 
the cost breeUcdown of a system for 100 million 
Btu/hr thermal output capacity. 

• Operating and Maintenance . Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at $292 per million Btu/hr 
design thermal output capacity of the heat source. 


Construction and Installation Period 

The construction and installation period required for the heat 
source is expressed as a function of the system thermal output 
capacity by the following equations: 

M = _C_ X 22 (50 < C < 150) 

‘l50 

M = _C_ X 26 (C > 150) 

200 

where M is equal to construction and installation period in 
months and C is equal to system thermal output capacity in 
million Btu/hr. 
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TABLE IV- 3 2 

COAL FIRED, 950F STEAM GENERATOR 
OPERATING PARAMETERS 
(500 MILLION BTO/HR) 


Stream 

liU!Dk££ 


Flowrate 


Temperature 
LSI 


1 

556,000 

59 

15.1 

2 

556,000 

500 

15.0 

3 

609,500 

1000 

14.9 

4 

609,500 

700 

14.8 

5 

609,500 

300 

14.7 

6 

609,500 

17 5 

14. 6 

7 

403,000 

250 

30.0 

8 

403,000 

255 

1365.0 

9 

399, 000 

950 

1215.0 

10 

54,500 

59 

14.7 
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TABLE IV- 33 

COAL FIRED, 950F STEAM GENERATOR 
ENVIRONMENTAL INTRUSION 

Predicted Rate 


stack Gas Emissions (Ib/million Btu t 

Sulfur Dioxide 1.2 

Nitrogen Oxides 0.7 

Hydrocarbons 

- Thermal Output 

< 150 million Btu/hr .046 

> 150 million btu/hr .014 

Carbon Monoxide 

- Thermal Output 

< 150 million Btu/hr .093 

> 150 million Btu/hr .046 

Particulates 0.1 

Wastes Discharged 

Water (Blowdown) 6.8 

Dry Solids 

Thermal Output 

< 150 million Btu/hr 1.87 

> 150 million Btu/hr 4.98 

Wet Solids 

Thermal Output 

< 150 million But/hr 6-23 

> 150 million Btu/hr 1.78 

Water Required 

(Exclusive of Boiler Feed Water) 0 

Steam Required (50 psig, 300F Condition) 

Fuel Atomizing 0 
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TABLE IV-34 

COAL FIRED, 950F STEAM GENERATOR 
FIELD CONSTRUCTION COST 
<500 MILLION BTU/HR) 


ITEMS 


DOLLARS 


Equipment 

Furnace, Pulverized Coal Fired 
(incl. boiler, economizer, and 
air heater) 

Particulate Removal (cyclone) 
Other Equipment 


4,662,000 
56,000 
1 89,000 


Civil/Structural 

Piping/Instrumentation 

Total Equipment cuid Materials 


69,000 

259.000 

5,235,000 


Direct Installation Labor (S S14/MH) 


2,313,000 


Indirects (S 75J of Direct Labor) 


1 .735.000 


Total Field Construction Cost 
(Mid- 1978 Dollars) 


9,283,000 
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TABLE IV- 3 5 

COAL FIRED, 950F STEAM GENERATOR 
FIELD CONSTRUCTION OOST 
(100 MILLION BTU/HR) 

HEMS 

Equipment 

Furnace, stoker Fired (incl. boiler, 

economizer, and air heater) 694,000 

Particulate r.emoval (cyclone) 12,000 

Other EcjuipDT'^ nt 108,000 

Civil/Structural 31,000 

Piping/ Instrumentation 55 . 000 

Total Equipment and Materials 900,000 

Direct Installation Labor (£ S14/MH) 540,000 

Indirects (<d 75% of Direct Labor) 4 05 . 000 


Total Field Construction Cost 1,045,000 

(Mid-1978 Dollars) ========= 
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CASE 11 

COAL FIRED ATMOSPHERIC FLUIDIZED BED, 1050F STEAM GENERATOR 


The atmospheric fluidized bed (AFB) steam generator system, shown 
in Figure IV>34, is an advanced technology heat source in which 
coal is fired in the presence of limestone at near atmospheric 
pressure. Sulfur released from the coal is absorbed by the 
limestone, reducing sulfur dioxide emissions. Heat is 
transferred to water, the energy conversion system working fluid, 
by beat transfer surfaces within the bed, in the water~cooled 
walls, and in the convective space above the bed. The system's 
design and operating characteristics are as follows. 


• AFB Construction - Water-cooled wall construction. 
Shop fabricated units up to 150 million Btu/hr 
output; field assembled for larger units 

• Partitioned bed for turndown flexibility 

• Boiler and superheater heat transfer surfaces in 
bed; additional superheater surface in freeboard 

• Externally located finned-txibe economizer 

• Forced draft, induced draft, rind primary aiir fans 

• Pneumatic coal/ limestone feed system 

• Reinjection of fly ash collected in cyclone to 
achieve good combustion efficiency 

• Spent bed material cooler for heat recovery 


Design Point Performance 

• Thermal outprv - 250 million Btu/hr 

• Worxing fluid conditions 

Inlet - 15 psig, 250F water 
Outlet - 1800 psig, 1050F steam 

• Thermal efficiency - 8UX 


Operating Parameters 

Table IV-36 gives the flowrate, temperature ar 3 pressure of each 
of the major streams in the system. The stream numbers eure 


IV- 1 1 6 


Power Systems Division 


FCR-1333 


identified on the system schematic diagram. Additional operating 
parameters are as follows: 

• Fluidized bed temperature - 1550F 

• Bed superficial velocity - 8 ft/s 

• Bed calcium to sulfur ratio - 3:1 

• Excess combustion aiir - 2 OX 

• Heat recovery exhaust gas temperature - 300 F 


Figure IV- 3 5 shows the variation in thermal efficiency over the 
permissible range of operation. 


Effect of Size on Efficiency 

Design point efficiency varies only slightly over the range of 
thermal output considered. The variatic ' Id shewn in 
Figure IV-36 is due to change in the radiatxon ^ es from the 
boiler. 


Auxiliary Power Requirement 

Electric power is required for the ferns and boiler feedwater 
pump. The power requirement is 5.9 kWe per million Btu/hr 
thermal output. 


EDYiropmental intrusion 

Table IV-37 gives the stack gas emissions, wastes discharged, and 
requirements for water and atomizing steam for the heat source 
system. Data are expressed in pounds of material per million Etu 
gross eneroy input to the system (fuel higher heating value) . 
Stack gas emissions for the heat source which includes a 
particulate removal system were calculated on the basis of fuel 
specifications defined for this study. 


Flexibility and ReUabjlity 

The flexibility and reliability characteristics of this advanced 
technology heat source in relation to current technology 
cogeneration and non -cogeneration heat sources are as follows. 

• Fuel Flexibility . The fluidized bed combustor has 
greater fuel flexibility than current technology 


IV-117 


Power Systems Division 


FCR-1333 


► 


f 


i 

( 


coal fired systems and will accept a wide range o£ 
coals as well as wood and solid wastes as fuel. 
This heat source was designed for bituminous coal 
but can be modified to fire other solid fuels. 
Increased fuel feeding capability would be required 
for fuels of lower heat content and limestone feed 
requirements would be modified according to the 
fuel sulfur content. 

• Transition to Coal or Coal Derived Fuels . 

(See previous paragraph) 

• Operational Flexibility . Load response and 
turndown characteristics similar to current 
technology heat sources are achieved by dividing 
the bed into multiple, individually controlled 
compartments. The unit may be operated from 20% to 
110% of design thermal output with only a small 
change in efficiency. 

• Retrofit to Existing Plants . As is true for 
current technology coal fired systems, retrofit 
potential of this heat source is limited because of 
large space requirements for fuel storage and 
handling. In this case, the space requirements are 
further increased by the required limestone storage 
and handling system. 

• Siting Flexibility . The siting requirements are 
similar to those typical of an industrial plant. 
Rail access is required for construction and fuel 
delivery. Water must be available for boiler feed 
water makeup. However, the system has no special 
requirements which will influence siting 
flexibility. 

• Potential Reliability . The reliability of the 
fluidized bed is expected to be similar to that of 
a current technology coal fired unit. Though the 
majority of its components are similar to those of 
a conventional unit, the fluidized bed incorporates 
a limestone feed system, heat transfer tubing 
within the combustion zone and a particulate 
removal cyclone operating at high temperature which 
are not required by a conventional unit. However, 
the fluidized bed does not require the coal 
pulverizer required by a conventional coal fired 
unit. 
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Space Requirements 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations. 

Area (sq ft) = 34C 

Volume (cu ft) * 2520C 

where C is equal to the system thermal output capacity in million 
Btu/hr. The area and volume requirements do not include the 
exhaust stack. 


Maintenance and Overhaul 

Scheduled maintenance and overhaul frequencies for the heat 
source system and the associated planned outages are cis follows. 

Maintenance Overhaul 

Interval 6 months 36 months 

Planned Outage Required 2 week 6 weeks 


Capital and Operating Costs 

• Capital Cost . Figure IV- 37 shows field 

construction costs versus thermal output for the 
heat source system. The costs are broken down into 
equipment and material cost and installation costs. 
Installation costs include direct installation 
labor at $14.00 per manhour plus 75% of direct 
labor costs for indirect field costs 
(distributables) . Table IV-38 presents the cost 
breakdown of a system for 250 million Etu/hr 
thermal output capacity and Table IV- 3 9 presents 
the cost breakdown of the system for 100 million 
Btu/hr thermal output capacity. 

• Operating and Maintenance . Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at $380 per million Btu/hr 
design thermal output capacity of the heat source. 


Construction and Installation Period 

The construction and installation period required for the heat 
source is expressed as a function of the system thermal output 
capacity by the following equation: 
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M = X 24 

200 

where M is equal to construction and installation period in 
months and C is equal to system thermal output capacity in 
million Btu/hr. 
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TABLE IV-36 


CX)AL FIRED 

ATMOSPHERIC fLUIDIZEO BED, 1050F STEAM 

GENERATOR 


OPERATING PARAMETERS 



(250 MILLION 

BTU/HR) 


Stream 

Flowrate 

Temperature 

Pressure 

Number 

ab/hrl 

(FI 

(DSial 

1 

272,000 

59 

16.7 

2 

272, OCJ 

500 

16.5 

3 

300,000 

1550 

14.8 

4 

300,000 

1000 

14.6 

5 

300,000 

665 

14.5 

6 

300,000 

300 

14.4 

7 

195,300 

250 

30.0 

8 

195,300 

250 

2015.0 

9 

195,300 

392 

1975.0 

10 

193,300 

1050 

1815.0 

11 

27,500 

59 

14.7 

12 

10,500 

59 

14.7 
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TABLE IV-37 

COAL FIRED ATMOSPHERIC FLUIDIZED BED, 1050F STEAM GENERATOR 

ENVIRONMENTAL INTRUSION 


Stack, Ga8_Emi8SiODg 
Sulfur Dioxide 
Nitrogen Cxides 
Hydrocarbons 
Carbon Monoxide 
Particulates 

Wastes Discharged 
Water (Blowdown) 
Dry Solids 
Wet Solids 


Predicted Rate 

1.2 

0.2 

trace 

0.04 

0.1 

6.9 

36.0* 

0 


Water Required 

(Exclusive of Boiler Feed Water) 0 


Steam Required (50 psig, 3 OOF Condition) 
Fuel Atomizing 0 


*Bed spent limestone is not reclaimed. 


IV-124 








Power Systems Division 


FCR-1333 


TABLE IV- 38 

COAL FIRED ATMOSPHERIC FLUIDIZED BED, 105 OF 

FIELD CONSTRUCTION COST 
/250 MILLION BTU/HR) 




Equipment 

Furnace, Field Erected (incl. boiler) 

Economizer 

Air Heater 

Particulate Removal (cyclone and ESP) 
Other Equipment 


Civil/Structural 
Piping/Instr umentati on 
Total Equipment and Materials 


Direct Installation Labor (3 $14/MH) 
Indirects (a 75% of Direct Labor) 


Total Field Construction Cost 
(Mid-19 78 Dollars) 


STEAM GENERATOR 


DOLLARS 

1.300.000 

72.000 

250.000 
4 06,000 

612.000 

170.000 

90.000 

2.900.000 

742.000 

556.000 

4.198.000 
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TABLE IV-39 

COAL FIRED ATMOSPHERIC FLUIDIZED BED, 1050F 

FIELD CONSTRUCTION COST 
(100 MILLION BTU/HR) 


ITS^ 


Equipment 

Furnace, Shop Assembled 
(incl. boiler) 

Economizer 
Air Heater 

Particulate Removal (cyclone and ESP) 
Other Equipment 


Ci Vi 1/Str uct ur a 1 

Piping/ 1 ns tr ume nt at i on 

Total Equipment and Materials 


Direct Installation Labor (3 $14/:4H) 
Indirects 75X of Direct Labor) 


Total Field Construction Cost 
(Mid- 1978 Dollars) 


STEAM GENERATOR 


DOLLARS 

800,000 

30.000 

105.000 

170.000 

347.000 

108.000 

3-0,000 

1 ,590,000 

120,000 

90.000 

1 ,800,000 
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CASE 12 

GOAL FIRED ATMOSPHERIC FLUIDIZED BED, 1500F HOT GAS GENERATOR 


The atmospheric fluidized bed (AFB) hot gets generator system, 
shown in Figure IV-38, is an advanced technology heat source in 
which coal is fired in the presence of limestone at near 
atmospheric pressure. Sulfur released from the coal is absorbed 
by the limestone, reducing sulfur dioxide emissions. Heat is 
transferred to high pressure air, the energy ccxiversion system 
working fluid, by heat transfer surfaces within the bed and in 
the convective space ^d^ove the bed. The system's design and 
operating characteristics are as follows. 



• AFB Construction - Refractory wall construction 
Shop fabricated units up to 150 million Btu/hr 
output: field erected for larger units 

• Partitioned bed for turndown flexibility 

• Super alloy heat exchanger material used in bed 

• Externally located tubulair air heater 

• Forced draft, induced draft, and primary air fans 

• Pneumatic coal/ limesc one feed system 

• Reinjection of fly ash collected in cyclone to 
achieve good combustion efficiency 

• Spent bed material cooler for heat recovery 

Design Po int Performance 

• Thermal output - 250 million Btu/hr 

• Working fluid conditions 

Inlet - 700F, 612 psia air 
Outlet - 1500F, 600 psia air 

• Thermal efficienry - 84X 
Operating Parameters 

Table IV-40 gives the flowrate, temperature and pressure of each 
of the major streams in the system. The stream numbers are 
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identified on the system schematic diagram. Additional operating 
parameters are as follows: 

• Fluidized ted temperature - 1600F 

• Bed superficial velocity ~ 6 ft/s 

• Bed calcium to sulfur ratio ~ 4:1 

• Excess combustion eULr - 2 OX 

• Heat recovery exhaust gas temperature - 300 F 


Permissibl e Range of OperatioD 

The permissible range of operation and variation in thermal 
efficiency over that range is the same for this system as for the 
coal fired AFB, 1050F steam generator as shown in Figure IV-35. 


Effect of Capacit¥_on Efficjengy 

The variation of design point thermal efficiency with capacity is 
the same for this system as for the coal fired AFB, 105 OF steam 
generator as shown in Figure IV-36. 

Auxiliary Power Requirement 

Electric power is required for the system fans. The power 
requirement is 3.9 kWe per million Btu/hr thermal output. 


Environmental Intrusion 

Table IV-41 gives the stack gas emissions, wastes discharged, and 
requirements for water and atomizing steam for the heat source 
system. Data are expressed in pounds of material per million Etu 
gross energy input to the system (fuel higher heating value). 
Stack gas emissions for the heat source which includes a 
perticulate removal system were calculated on the basis of fuel 
specifications defined for this study. 


Flexibility and Reliability 

The flexibility and reliability characteristics of this advanced 
techinology heat source in relation to current technology 
cogeneration and non-cogeneration heat sources are as follows. 

• Fuel Flexioilitv . The fluidized bed combustor has 
greater fuel flexibility than current technology 
coal fired systems and will accept a wide range of 
coals as well as wood and solid wastes as fuel. 
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This beat source was designed for bitumir.cus coal 
but can be modified to fire other sojo.d fuels. 
In ;r eased fuel feeding capability would be required 
for fuels of lower heat content and limestone feed 
requirements would be modified according to the 
fuel sulfur content. 

• Transitlpn_tQ_CQal_or_CQa J^Deri ved Fuels . 

(See previous paragraph) 

• Operational FlexibiUtv. Load response and 
turndown characteristics similar to current 
technology beat sources are achieved by dividing 
the bed into multiple* individually controlled 
compartments. The unit may be operated from 20% to 
110% of design thermal output with only a small 
change in efficiency. 

• Retrofit to Exxsti ng ^.ants . As is true for 
current technology coal fired systems* retrofit 
potential of this heat source is limited because of 
large space requirements for fuel storage and 
handling. In this case* the space requirements are 
further increased by the required limestone stor^lge 
and handling system. 

• Siting Flexibility . The siting requirements are 
similar to those typical of an industrial plant. 
Rail access is required for construction and fuel 
delivery. However* the system has no specicil 
requirements which will influence siting 
Jilexibility . 

• Potential Reliability . The reliability of the 
fluidized bed is expected to be similar to that of 
a current technology coal fired unit. Though the 
majority of its components are similar to those of 
a conventional unit* the fluidized bed incorporates 
a limestone feed system, heat tremsfer tubing 
within the combustion zone ana a particulate 
removal <r/ clone operating at high temperature which 
are not required by a conventional unit. However, 
the fluidized bed does ot require the coed, 
pulverizer which is require., by a conventional coal 
fired unit. 


Space Requirements 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations. 
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Area (sq ft) = 34C 
Volume (cu ft) ^ 2520C 

where C is equal to the system thermal output capacity in million 
Btu/hr. The area and volume requirements do not include the 
exhaust stack. 


Maintenance and Overhaul 

scheduled maintenance and overhaul frequencies for the heat 
source system and the associated planned outages are as follows. 

Maintenance Overhaul 

Interv 2 d 6 months 36 months 

Planned Outage Required 2 weexs 6 weeks 


Capital and Operating Costs 

• Capital Cost . Figure IV-39 shows field 

construction costs versus thermal output for the 
heat source system. The costs are broken down into 
equipment and material cost and installation costs. 
Installation costs include direct installation 
labor at $14.00 per manhour plus 75 % of direct 
labor costs for indirect field costs 
(distributables) . Table IV-42 presents the cost 
breakdown of a system for 25 0 million Btu/hr 
thermal output capacity and Table IV-43 presents 
the cost breakdown of a system for 100 million 
Btu/hr thermal output capacity. 

• Operating and Maintenance . Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at $380 per million Btu/hr 
design thermal output capacity of the ^eat source. 


Construction and Installation Period 

The construction and installation period required for the heat 
source is expressed as a function of the system thermal output 
capacxty by the following equation; 

M = _C_ X 27 

200 

wnere M is equal to construction and installation period in 
months and C is equal to system thermal output capacity in 
million Btu/hr. 
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TABLE IV- 40 


GOAL FIRED 

ATMOSPHERIC FLUICIZED 

BED, 1500F HOT 

GAS GENERATOR 


OPERATING PARAMETERS 



(250 MILLION 

BTU/HR) 


Stream 

Flowrate 

Temperature 

Pressure 

Number 

(Ib/hrJ 

(F) _ 

(psia) _ 

1 

274,000 

59 

16.7 

2 

274,000 

737 

16. 5 

3 

303,000 

1600 

14.8 

4 

303,000 

914 

14.6 

5 

303,000 

300 

14. 5 

6 

1,176,000 

700 

612.0 

7 

1,176,000 

1500 

600.0 

8 

27,500 

59 

14.7 

9 

14,000 

59 

14.7 
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TABLE IV-41 

COAL FIRED ATMOSPHERIC FLUIDIZED BED, 1500F HOT GAS GENERATOR 

ENVIRONMENTAL INTRUSION 


Sulfur Dioxide 
Nitrogen Oxides 
Hydrocarbons 
Carbon Monoxide 
Particulates 


Predicted Rate 
flb/ndllion Btu> 

1.2 

0.2 

trace 

0.04 

0.1 


Wastes Discharged 
Water (Blowdown) 
Dry Solids 
Wet Solids 


0 

42.0* 

0 


Water Required 

(Exclusive of Boiler Feed Water) 0 


Steam Required (50 psig, 3 OOF Condition) 
Fuel Atomizing 0 





♦Bed spent limestone is not reclaimed. 
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TABLE IV- 4 2 

COAL FIRED ATMOSPHERIC FLUIDIZED BED, 15 OOF 

FIELD CONSTPUCTION COST 
(250 MIaJ^ICN BTU/HR) 


HEMS 


Equipment. 

Furnace, Field Erected 
Air Heater 

Particulate Removal (cyclone and ESP) 
Other Equipment 

Civil/Str uctucal 

Pi ping / Instrumentation 

Total Equipment and Materials 

Direct Installation LaJoor (3 $14/MH) 
Indirects (a) 75% of Direct Labor) 


Total Field Construction Cost 
(Mid- 1978 Dollars) 
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HOT GAS GENERATOR 


DOLLARS 

2.750.000 

326.000 
4 06,0 0 0 

509.000 

170.000 

66.000 

4.227.000 

1 ,350,000 

1 . 012 .000 

6,589,000 
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TABLE IV- 43 

COAL FIRED ATMOSPHERIC FLUIDIZED BED, 15 OOF 

FIELD CONSTRUCTION COST 
(100 MILLION BTU/HR) 


ussm 


Equipment 

Furnace, Shop Assembled 
Air Heater 

Particulate Removal (Cyclone and ESP) 
Other Equipment 


Civil/Structural 

Pip ing/ Ins tr ume nt ati on 

Total Equipment and Materials 

Direct Installation Labor (3 S14/MH) 
Indirect s (3 75* of Direct labor) 


Total Field Construction Cost 
(Mid-1978 Dolieirs) 


HOT GAS GENERATOR 


DOLLARS 

1,660,000 

137.000 

170.000 

273.000 

108.000 

22,000 

2.370.000 

120,000 

90.000 

2.580.000 
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CASE 13 

COAL FIRED PRESSURIZED FLUIDIZED BED, 1600F HOT GAS GENERATOR 


The pressurized fluidized bed (PFB) hot gas generator system, 
shown in Figure IV-40, is an advanced technology heat source in 
which coal is fired in the presence of dolomite at high pressure. 
Sulfur released from the coal is absorbed by the dolomite 
reducing sulfur dioxide emissions. Heat is transferred to high 
pressure air in tubes within the fluidized bed combustion zone. 
This air is combined with the PFE combustion products which have 
passed through a hot gas cleanup system* to form a hot gas stream 
which is supplied to the energy conversion process. The system 
requires a hot gas cleanup system to make the gas suitable for 
the process. The design and operating characteristics of the 
heat source are as follows. 


Characteristics 

• PFB construction - Shop fabricated in units up to 
250 million Btu/hr; multiple units used for larger 
systems 

• Refractory lined carbon steel furnace 

• Finned tube, high temperature alloy heat exchcinger 
within fluidized bed 

• Pneumatic coal/dolomite feed system 

• Reinjection of fly ash collected in cyclone to 
achieve good combustion efficiency 

• Spent bed material cooler for heat recovery 


Design Point Performance 

• Thermal output - 250 million Btu/hr 

• Working fluid conditions 

Inlet - 220 psig, 740F air 
Outlet - 200 psig, 1600F air 

• Thermal efficiency - 96 % 


♦Hot gas cleanup system is not included as part of this heat 
source. It is a balance of plant system. 
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Operating Parameters 

Table IV- 44 gives the flowrate, temperature and pressure for each 
of the major streams in the system. The stream niunbers are 
identified on the system schematic diagram. Additional operating 
parameters are as follows. 

• Fluidized bed temperature - 1650F 

• Bed superficial velocity - 2.7 ft/s 

• Bed calcium to sulfur ratio - 1.5:1 

• Excess combustion air - 30% 


Permissible Ranee of Operation 

Figure IV-41 shows the variation in thermal efficiency over the 
permissible range of operation. 


Effect of Capacity on Efficiency 

As shown in Figure IV- 42, design point efficiency varies only 
slightly over the rauige of 50 to 250 million Btu/hr thermal 
output. The veuriation is due to changes in the radiation losses 
from the furnace. The thermal efficiency is constant for larger 
systems because multiple 250 million Btu/hr modules are used. 


Auxiliary Power Requirement 

Electric power is required for the fuel injection system- The 
power requirement is 0.55 kWe per million But/hr thermal output. 


Environmental Intrusion 

Table IV- 45 gives the combustion product gas emissions, wastes 
discheurged, and requirements for water and atomizing steam for 
the heat source system. Data are expressed in pounds of material 
per million Btu gross energy input to the system (fuel higher 
heating value) . Combustion product gas emissions which were 
calculated on the basis of fuel specifications defined for this 
study include the effects of incorporating a hot gas cleanup 
system. 

Flexibility and Reliability 

The flexibility and reliability characteristics of this adveuiced 
technology heat source in relation to current technology 
cogeneration and non-coqeneration heat sources are as follows. 
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• Fuel Flexibility . The fluidized bed combustor has 
greater fuel flexibility than current technology 
coal fired systems and will accept a wide range of 
coals as well as wood and solid wastes as fuel. 
This heat source was designed for bituminous coal 
but can be modified to fire other solid fuels. 
Increased fuel feeding capability would be required 
for fuels of lower heat content and dolomite feed 
requirements would be modified according to the 
fuel sulfur content. 

• Transition. to Coal or Coal Derived Fuels . 

(See previous paragraph) 

• Operational Flexibility . The unit may be operated 
from 3031 to IIOX of <?'’-sign thermal output with only 
a small change in efficiency. During part load 
operation bed temperature and fluidizing velocity 
remeuin constant for good combustion efficiency and 
sulfur capture, and airflow through the heat 
exchanger is reduced. 

• Retrofit to Existing Plants . As is true for 
current technology coal fired systems, retrofit 
potential of this heat source is limited because of 
large space requirements for fuel storage and 
handling. In this case, the space requirements are 
further increased by the required dolomite storage 
and handling system. 

• Siting Flexibility . The siting requirements are 
similar to those typical of an industrial plant. 
Rail access is required for construction and fuel 
delivery. However, the system has no special 
requirements which will influence siting 
flexibility. 

• Potential Reliability . The reliability of the 
pressurized fluidized bed is expected to be simila’' 
to that of a conventional coa fired furnace 
because the two systems are similar in complexity. 
The fluidized bed requires pressurized coal and 
dolomite feed systems but does not incorporate a 
coal pulverizer or combustion air fans. The 
reliability of the fluidized bed system is further 
enhanced for large capacity systems by the use of 
multiple fluidized bed units. 
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Space Requirements 

The area and volume requirements for the heat source system are 
expressed as a function of the system thermal output capacity by 
the following equations* 

Area (sq ft) * 7C 

Volume (cu ft) * 394C 

where C is equal to the system thermal output capacity in million 
Btu/hr The area ^uld volume requirements do not include the 
exhaust stack. 


Scheduled maintenance and overhaul frequencies for the heat 
source system and the associated planned outages are as follows. 

Maintenance Overhaul 

Interval 6 months 36 months 

Planned Outage Required 2 weeks 6 weeks 


£aBi.taiL-an4.Qp?ratjag,Cfl,si^ 

• Capital Cost . Figure IV-43 shows field 
construction costs versus thermal output for the 
heat source system. The costs are broken dowi into 
equipment and matericd. cost and installation costs. 
Installation costs include direct installation 
labor at $14.00 per manhour plus 75S of direct 
labor costs for indirect field costs 
(dastributables) . Table IV-46 presents the cost 
breakdown of a system for 250 million Btu/hr 
thermal output capacity. 

• Operating and Maintenance . Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at $350 per million Btu/hr 
design thermal output capacity of the heat source. 


Construction and Installation Period 

The construction and installation period required for the heat 
source is expressed as a function of the system thermal output 
capacity by the following equation: 

M = X 27 

200 
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where M is equal to construction and installation period in 
months and C is equal to system thermal output capacity in 
million Btu/hr. 
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TABLE rV-44 

CCAL FIRED PRESSORIZED FLUIDIZED BED, 16 OOF HOT GAS GENERATOR 

OPERATING PARAMETERS 
(250 MILLION BTU/HR) 


Stream 

Number 

1 

Flowrate 

(Ib/hr) 

Temperature 

(n 

Pressure 

(DSial 

954,000 

740 

220.0 

2 

254,000 

740 

4./.Q.Q 

3 

278,000 

1650 

210.0 

4 

278,000 

1640 

200.0 

5 

700,000 

740 

220.0 

6 

700,000 

157 5 

200.0 

7 

978,000 

1600 

200. 0 

8 

23,600 

59 

14.7 

9 

8,200 

59 

14. 7 
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TABLE IV-45 

CDAL FIRED PRESSURIZED FLUIDIZED BED, 1600F HOT GAS GEtTERATOR 

ENVIRONMENTAL INTRUSION 


Combustion Product 
Gas Emissions _ 

Sulfur Dioxide 

Nitrogen Oxides 

Hydrocarbons 

Carbon Monoxide 

Particulates 


Predicted Rate 
(Ib/tnillion Btul 

1.2 

0.2 

trace 

0.04 

0.001 


Wastes Discharged 
Water (Blowdown) 
Dry Solids 
wet Solids 


0 

33.0* 

0 


Water Required 

(Exclusive of Boiler Feed Water) 0 


Steam Required (50 psig, 3 OOF Condition) 
Fuel Atomizing 0 


♦Bed spent dolomite is not reclaimed. 
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TABLE IV- 46 

COAL FIRED PRESSURIZED BED, .600F HOT 
FIELD CONSTRUCTION C30ST 
(250 MILLION BTD/HR) 


ITEMS 

Equipment 

Furnace 

Particulate Removal (cyclone) 
Other Equipment 

Civil /Structural 

Pip in g/ In St r umen ta tio n 

Total Equipment cind Materials 

Direct Installation Labor (a) S14/MH) 
Indirects (3 15 % of Direct Labor) 

Total Field Construction Cost 
(Mid- 1978 Dollars) 
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DOLLARS 

2 , 100,000 

53.000 

1.198.000 

84 . 0 0 0 
335.000 

3.770.000 

1.340.000 

1 . 005.000 

6.115.000 
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CASE 14 

INOOSTRIAL WASTE H£AT« 950F STEAM GENERATOR 


The waste heat boiler system, shown in Figure IV-44, is a current 
technology heat source which recovers the heat from hot gas 
produced by an industrial process to generate high pressure, 950F 
steam and low pressure, 300F steam. The design and operating 
characteristics of the system are as follows. 

Qh^ag1;ex.i9,t4c? 

• Horizontal gas flow unit with top supported 
vertical tubes 

• Finned tubes for superheater, boilers, and 
economizers 

• Bypass stack and associated damper 

• Induced draft fan compensates for system pressure 
loss 

• Separate feed water pumps for high and low pressure 
steam systems 

• Reducing valve for low pressure steam 


Design Point Performance 

• Thermal output - 250 million Btu/hr 

• Working fluid conditions 

Inlet - 10 psig, 240F water 

Outlet - 1200 psig, 950F steam (82S of output) 
50 psig, 300F steam (18X of output) 

• Thermal efficiency - 53SJ 


Operating Parameters 

Table IV-47 gives the flowrate, temperature and pressure of each 
of the major streams in the system. The stream numbers are 
identified on the system schematic diagrain. Other operating 
parameters are as follows; 

• Industrial waste gas - 1000F combustion products 

from natiiral gas burned with 1 0X excess air; low 
particulate loading. (395. 6 Btu/lb of total heat. 


IV-148 


Power Systems Division 


FCR-1333 


equal to sensible heat, ref. 59F, plus latent heat J 

of moisture) j 

• Minimum teinperature difference across heat 
exchanger - 30F 


Permissible Range of Operation 

The part power performance of the system is dependent on the 
industrial process which supplies the hot gas stream. 

i 

Effect of Capacity on Efficiency 

The system design point efficiency is independent of system 
thermal output because gas inlet and outlet conditions are 
constant and variation in radiation loss is negligible. 


Auxiliary Power Requirement 

Electric power is required for the induced draft fan and boiler 
feed water pumps. The power requirement is 3.4 kWe per million 
Btu/hr- 


Environmental Intrusion 

Table IV-48 gives the wastes discharged and requirements of water 
and atomizing steam for the heat source system- Data are 
expressed in pounds of material per million Btu gross energy 
input to the system. Stack gas emissions are dependent on the 
process hot gas source and are not effected by the waste heat 
boiier- 


Flexibilitv and Reliability 

This current technology heat source for non- cogeneration 
applications represents a baseline system to which the advanced 
technology cogeneration heat sources will be compared. Its 
characteristics are as follows. 

• Fuel Flexibility . 

(Not applicable) 

• Transition to Coal or Coal Derived Fuel . 

(Not applicable) 

• Operational Flexibility . The unit may be operated 
from 20)1 to 110® of design thermal output. The 


IV- 149 


A 


Power Systems Division 


FCR-1333 


pact power performance is dependent on the 
industrial process which supplies the hot gas 
stream. 

• Retrofit to Existing Plants . Retrofit potential is 
good for process plants exhausting clean hot gas. 
Space requirements are low and the system does not 
have special operational or safety problems. 

• Retrofit o f Technology Advancements. No applicable 
technology advancements have been identified. 

• siting Flexibility . The siting requirements are 
similar to those typical of an industrial plant. 
Reu.1 access is required for construction. Mater 
must be available for boiler feed water moJceup. 
However* the system has no special requirements 
which will influence siting flexibility. 

• Potential Reliability . Reliability has been shown 
historically to be high. Multiple units can be 
used to increase reliability without large cost 
penalties because capital and operating costs are 
relatively insensitive to unit size. 


space Requirements 

The curea and volume requirements for the heat source system are 
expressed as a function of the system thermcLL output capacity by 
the following equations. 

Area (sq ft) = 25C 

Volume {cu ft) = 1 400C 

where C is equal to the system thermal output capacity in million 
Btu/hr. The area and volume requirements do not include the 
exhaust stack. 


Maintenance and Overhaul 


Scheduled maintenance and overhaul frequencies for the heat 
source system and the associated planned outages are as follows. 

Maintenance Overhaul 


Interval 

Planned Outage Required 


12 months 60 months 

1 veek 4 weeks 
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Capital and Operating Costs 

• Capital Cost . Figure IV-45 shows field 

construction costs versus thermal output for the 
heat source system. The costs are broken down into 
equipment and material cost and installation costs. 
Installation costs include direct installation 
labor at $14.00 per memhour plus 75X of direct 
labor costs for indirect field costs 

(distributables) . Table IV-49 presents the cost 
breakdown of a system for 250 million Btu/hr 
tbeinnal output capacity. 

• Operating and Maintenance . Annual operating and 
maintenance costs for the system exclusive of fuel 
costs are estimated at $175 per million Btu/hr 
design thermal output capacity of the heat source. 


Construction and Installation Period 

The construction and installation period required for the heat 
source is expressed as a fvinction of the system thermal output 
capacity by the following equation: 

M = _C_ X 19 

200 

where M is equal to construction and installation period in 
months and C is equal to system thermal output capacity in 
million Btu/hr. 
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FIGURE IV-44 INDUSTRIAL WASTE HEAT RECOVERY, 950F STEAM GENERATOR 


COST IN MIO-1B78 DOLLARS 
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TABLE IV- 47 

XNDOSTRIAL HASTE HEAT, 95 OF STEAM GENERATOR 
OPERATING PARAMETERS 
(250 MILLION BTU/HR) 


Stream 

Number 

1 

Flowrate 

(Ib/hr) 

Temperature 

(FI 

Pressure 

(DSial 

1,190,000 

1000 

14,7 

2 

1,190,000 

300 

14.5 

3 

211,000 

240 

25.0 

4 

164,000 

240 

1365.0 

5 

162,000 

950 

1215.0 

6 

47,500 

240 

85.0 

7 

47,000 

304 

69.0 

8 

47,000 

300 

65.0 
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TABLE IV- 48 

INDUSTRIAL WASTE HEAT RECOVERY, 95 OF STEAM GQJERATOR 
ENVIRONMENTAL INTRUSION 


Sulfur Dioxide 
Nitrogen Oxides 
Hydrocarbons 
Carbon i4onoxide 
Particulates 

Wastes Discharged 
Water (Blowdown) 

Dry Solids 
Wet Solids 

Water Required 

(Exclusive of Boiler 

Steam Required (50 psig. 
Fuel Atomizing 


Predicted Rate 

* 

* 

* 

* 

4.7 

0 

0 

Water) 0 

3 OOF Condition) 

0 


♦ Dependent on the process hot gas source. 
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TABLE IV- 49 

INDUSTRIAL WASTE HEAT RECOVERY, 95 OF STEAM GENERATOR 
FIELD a'/NSTPUCTION COST 
(250 MILLION BTU/HR) 


ITEMS DOLLARS 

Equipiaent 

Furnace (incl. boiler and economizer) 1,540,000 


Other Equipment 45,000 

Civil/Structurai 17,000 

Piping/Instruoientation 105, 000 

Total Equipment and Materials 1 ,707,000 

Direct Installation Labor (3 S14/MH) 340,000 

Indirects (3 15 % of Direct Labor) 255 , 000 

Total Field Construction Cost 2,302,000 

(Mid- 1978 Dollars) ===r.===== 
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C. THERMAL ENERGY STORAGE 
1.0 INTRODUCTION 

Sinuiltancoiis pn^duction of electrical and useful tlicrmal energy (cogeneration I offers the 
possibility of vast savings in national energy consumption. It ha:, been estimated that energy savings 
equivalent to 5.1 million barrels of oil per day are achievable through conversion of both the 
industrial sector and the municipal private sectors to cogeneration (Reference 4). Inheren* in this 
estimate is the assumption that energy can be stored when the demand for electric energy .auses the 
production of more thermal energy than the need and retrieved from sf<'rut.v. wnen the demand 
exceeds the production. 

For a given industrial site, the ability to purchase electricity from the utility grid and sell back 
surplus productiem introduces :i linst of alternate strategies to be evaluated in the design of a 
cogeneration system. It is the purpose of the study reported herein to assemble sufficient data 
concerning the operation, efficiency, and cost of thermal energy storage systems so that their 
potential role in conjunction with cogeneration systems can be assessed. A wide variety of industrial 
systems is to be analyzed which precludes optimizing the thermal storage system for an\ particular 
case. Presented then is relatisely generalized data whicli will not necessarily ri-present the best 
design for a gi\en case but will, hopefully, not miss the mark by far for any case. 

Two parameters upon which a given energy storage s\ stem design will most heavily depend are 1 ) 
the tluid by which the energy is iranspinted and 2) the temperature at which the energy is av.iilaisle. 
It IS assumed that the carrier Huid by which energy will be supplied to the process from storage is 
'lie same as that supplying energy to storage. ,-\ .ertain temper.iture differenci.- between energy 
supplied til storage and energy withdrawn irom storage must !se allowable. In general, the stor.iee 
density (Btuft-’l and the specific cost (S Btu stored l are strong functions ol tins .illow.ihle 
temperature difterence. higher allow.ible temi'erature differences yielding liigh storage densities ,ind 
lower specilic costs. Much ot the optimization process tor a specilic application involves the 
tr.ideoft' between the undesirable lose o! .iv ail.itsility ot' the energy stored and the desir.ilde hieiier 
'tor.ige density and de..reased cost. 

A temperature spectrum from !4() to l.UUi."’F is to be covered. I’o .ivoid overeener.ili/mg the 
storage system, this spectrum is divided into live categories termed "bins". Table 1\'-5<J list' tlie 
temperature sp.ins. the lluid earner, the sekMetl stor.ige m.iierial .md .oiit.iinmenl .ind ,i i.mge oi 
supply -witlidr.iw ,il temperature ditleren.ee typical ot ..urrent pi.wtue. 

1 he i.inoiis energy stor.ige me.iiis h.ive been sekwteU tor ,i relatively well developed lechnok'gv 
status in most cases so that a hieh degree otAonfidence for app-licability m tlie 1"S.' throiieh 
I line ; r.ime .is siired. 





Table iV-50 

SEGREGATION OE STORAGE SCHEMES BY TEMPERATURE RANGE (“BINS”) 
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2.0 INFLUENTIAL PARAMETERS FOR STORAGE SYSTEM DESIGN 

The most influential variables for storage system design may be listed as 1) supply temperature, 2 1 
fluid carrier, and 3) input-output temperature difference. In addition, however, the overall system 
size, the value of energy saved, and the duration of the fill (charge) and drain (discharge) cycles may 
have a strong bearing upon the particular optimum storage system. In an attempt to avoid 
overgeneralization, the five “bin” matrix of systems was chosen and appropriate fluid earners and 
input-output temperaiure differences selected consistent with current practice. This allows the 
nominal selection of an energy storage medium and containment method. These selections may not 
be appropriate for very' large systems. 

2.1 SYSTEM SIZE EFFECTS 

Figure IV-46 presents the effect of storage container size upon the cost of various storage con- 
tainers. The same data, replotted as specific cost (S/cubic foot) is included in Figure IV-47. Data 
from several sources for several containment means are shown. A. B, and C are the storage system 
costs predicted in Reference 2 for prestressed cast iron vessels at 10 MPa (1,450 psia), 6 MPa (870 
psia), and 1 MPa (145 psia) respectively. The discontinuity in the slope of these curves is a result of 
differing mechanisms for peak stress buildup. In larger vessels, the cylindrical wall thickness is 
controlled by the hoop stresses; while in smaller ves.sels, local stresses in the vicinity of the insula- 
tion pads predominate. (Insulating pads space the tension members, called “tendons”, away from 
the hot vessel itself) Note that only for very 1-arge systems in excess of 10- cubic feet does the 
specific cost (Figure IV-47) yield a constant value. The data for curve B are fit to within 1 percent 
by the following relationship: 


SC .-3,8405 + 4.f^2h X 10? V-1 

wliere; 

SC = specific cost in 19~4 s ft? 

\' = volume in ft? 

Pressure effects are discussed in paragraph 2.2. 

Item D in Figures lV-46 and IV4” represents the span of cost CNtimates for a lO'b ga! day heat 
storage well from Reference 4. The siiaded area represents the same well used at less than full 
capacity. The cost estimate includes all required auxiliary systems including pumps, piping, and a 
heat exchanger to isolate the source water from tlie ground water therein' avoiding potential 
questions of contamination. The system is estimated to be applu ab'lc to temperatures a- high as 
400°F (pressure of 250 psia) through appropriately deep weir 
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Items E and F in Figures IV-46 and IV-47 represent recent supplier quotes obtained for Reference 
5. Item E is for an insulated low pressure welded steel tank with acid resistant lining and item F is 
for the bare tank alone. If one follows the procedure recommended in Reference J for estimating 
system costs from component costs, the system costs will be roughly three times the major part 
cost. This will show a cost advantage for the aquifer system (D) for systems larger than the 1.3 x 
!Q5 ft3/day (106 gal) system. 

Items G and H are the recommendations of Reference 3 for 15 and 150 psia welded stee! tanks 
errected on-site. Actual data has been increased by 58 percent to account for inflation from the 
given 1970 data to the desired 1977 data. These are included due to Reference 3’s position as a 
standard reference work in this field; items E and F probably represent more realistic bounds to 
current-day piices. 

2.2 EFFECTS OF PRESSURE LEVEL ON SPECIFIC STORAGE COST 

Selection of water as the carrying fluid links system supply temperature with system pressure 
through the saturation characteristic. In Figure IV-48, the saturation pressure of water is shown as a 
function of system temperature. The temperature ranges of the five “bins” are noted. Pressure 
ranges for various containment means are indicated along the ordinate. Figure lV-49 presents the 
specific cost (S/Btu) of the major system hardware against sv'stem temperature. To convert these 
data to installed-operational system costs, a multiplier between 2.5 and 3.0 may be applied per 
Reference 3. 

The effect of an increase in system design pressure, with all else unchanged, yields an increase in 
storage system wall thickness, hence an increase in the thermal storage effect of the vessel itself. The 
latter effect is significant. Reference 1 showing the increase to be as high as 45 percent at higher 
pressures. While mitigating the increased pnce of the storage system, the energy storage effect of the 
vessel does not completely compensate, hence the specific cost iS per Btu stored) increases with 
increasing pressure. 

Open vats (free surface insulated by various lloating means such as glass microspheres, styrofoam 
beads, etc.) are suitable storage means up to a partial pressure of roughly 12 psia i'-200^F). .Above 
this level, evaporation loss prevention becomes very significant. Welded steel tanks are cost 
competitive down to perhaps 5 or 6 psia partial pressure. The slight additional cost of a welded tank 
over a vat for the lower temperature regime of bin 1 will, in main cases (i.e., boiler feed water 
storage) be justified through the requirement to maintain the water m a deaerated condition. 
V/elded steel tanks are therefore selected as the nominal containment means for bin i. recognizing 
that somewhat less expensive means may be allowable in some specific ca.ses. For very large systems, 
aquifer storage will show a cost edge for systems at pressures less than 250 psia icupply temperature 
less than 400'^F) as mentioned in paragraph 2.1 . 

In Figure lV-49. the specific cost of water stored in pressurized steel tanks is shown as shaded area C 
It is assumed for this calculation that the water would be sewered if not stored, and that makeup 
w'ater would be heated to the desired tcmper.iture from potable supply Fhe temperature i.'t this 
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supply is taken as 52°F. representative of a reasonable national average, from Reference 7, The 
decrease of specific storage cost with storage temperature for this case represents the increase in 
energy which would have to be added to make up water to achieve the higher temperature. The 
decrease in density of the stored water with increasing storage temperature, while accounted for, is 
not a strong effect. The lower bound for the shaded area is for very large systems. 

The temperature range of the second bin yields a pressure range from atmospheric through 67 psia. 
A welded steel tank is the most likely choice for containment in this regime. Again, aquifer storage 
may be indicated for very large systems, (n Figure IV-49, the specific storage cost is siiown as line B. 
A temperature difference between supply and demand of 60°F was used above 272°F. Below 
272°F it is assumed that saturated steam at atmospheric pressure is the system output. 

For bin number three, the regions of welded steel tanks and prestressed cast iron vessels (PCIV) 
o' erlap. A clear cost advantage for the former e.xists for the lower range; a clear cost advantage for 
the latter exists for the higher range. Further complication in the selection of an energy storage 
system arises for bin number 3 as phase change materials may show a cost advantage in the upper 
temperature portion of this bin in the time frame of interest. It is recommended that the analysis 
for bin 3 be based upon a PCIV steam accumulator operating in the varying pressure mode to avoid 
excessive computational complexity. In Figure lV-49 the appropriate line for the third bin is labeled 
A. This curve is based upon the data of Reference 2 and assumes a lOO^^F temperature difference 
from input to output. It should be noted that this is an upper limit for such a system, as either 
thermal stresses in the cast iron vessel or loss of tension in the tendons may result from rapid 
discharge through larger temperature changes. 

The fourth bin covers situations where steam is available for storage at a temperature between 500 
and 700°F. Saturation pressure at these temperatures varies from 680 to 3.100 psia. Varying- 
pressure. steam-accumulator technology lias been selected as the nominal energy storage means for 
this bin. .At these pressure levels, PCIV is likely to show a cost benefit over welded steel tanks. The 
specific cost of this item is shown on Figure IV-49, item A. The allowable temperature change is 
again taken at 100°F; with the effect of temperature being to the minus one power, i.e., halving the 
allowable temperature difference doubles the specific storage cost. It is very likeh that >ome form 
of phase change material will be used to augment the steam, water storage at higher pressures. Tlie 
higher storage density attainable witii molten salt storage is already competitive with h.igh pressure 
steam storage as slunvn by items F] and F2. These are tlie cost of the salt itself in the Comstock 
and Wescott N'aOH storage svstem (Reference 6) and the overall system cost for that system 
(Reference lOl. Many eutectics are known with fusion temperatures in this region ( Reference 6 lists 
" 24 ). although most of the development work is being done with somewhat higher temperature 
materials as shown in the group labeled G - a number of (nonlithium) alkali metal chlorides 
(Reference 6). Generally, a eutectic with an appropriate fusion temperature may contain a large 
fraction of one of the salts shown in G plus an appropriate amount of lithum salt. Lithum salts are 
generally more expensive than other alkali metal -aits as shown b> item D (lithium bromide) and 
item E (lithium hydroxide). Hence, the overall storage material cost for PC.M augmented systems in 
the desired temperature range will likely Fill somevvluii alsnve the G region. The selection oi a s.iit 
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for any specific design must trade off cost against storage density, corrosiveness, safety in handling 
(small amounts of nitrate salts may be tolerable), etc. In an attempt to preguess the result of these 
trade-offs over the entire region, a system cost midway between Fi and F 2 would appear achievable 
in very large quantities by the 1985 to 2000 time period. 

This broad brush approach, yielding 5 x 10'3 S/Btu stored in molten salt (item H, Figure lV-49), is 
as representative an estimate as is feasible using currently available information. An accuracy of 
+ 100%/-50% for this figure could be applied to yield high confidence levels. Line I on Figure IV-49 
represents an estimate of the combined system cost of PCIV steam storage incorporating submerged 
encapsulated PCM storage in the higher pressure regime. The line is fit by the relationship: 

Specific ^ x 10 ^ T 

where T is degrees F. 

The fifth bin is characterized by an energy supplied in gas at a temperature between 700 and 
1,000°F. It is assumed that the gas properties are similar to air. The pressure level is not specified; 
however, it is assumed that near ambient pressures will prevail. Item J shows the predicted specific 
cost of energy stored as sensible energy in a solid medium, nominally high MgO brick, for the 
medium alone (comparable to items D, E, F, and G). Item J2 shows the predicted overall system 
cost (comparable to items A, B, C, F 2 , and H). Alternate solid materials which may show an 
advantage over this system for specific sites are 1) taconite (iron ore) pellets and 2) native rock. 

Unknown site specific parameters which could effect the overall system design signiilcantly include 
supply gas stream cleanliness and the rate at which the system is to be charged and discharged. The 
latter effect is particularly important for this type energy storage due to the inherent temperature 
differences required within the solid shapes (bricks, pellets, irregular masses) to effect heat transfer 
from and to the surface. 


In summary, the recommended factors by which to assess the cost of storage within the bins are 
accumulated in Table IV-5 1 along with several important properties and parameters which lead to 
its calculated value. • 


2.3 SYSTEM FOOTPRINT 

Tlie tloor space .equired for an energy storage system is a cost item in that its utility is lost for 
other (profit making) ventures. The effect is not included in the specific cost data furnished in 
paragraph 2.2 and will be covered under parallel investigation to that herein reported. 

System footprints are a direct function of system size (aquifer storage excepted), .-^ll systems 
recommended for the baseline investigation are vertical axis cylinders. Through a knowledge of the 
length to diameter ratio (L/D) and the total energy to be stored, the required area (.\) may be 
found. 
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/ V \2/3 
A . 0.92:6(-) 

The required volume is the quotient, total energy to be stored divided by the storage density from 
Table lV-51. 

The length to diameter ratio for a vertical axis cylindrical storage vessel tends to be limited at the 
high end by the bearing properties of the earth below the site. The desire to minimize surface area 
to reduce heat losses (and/or insulation costs) tends to yield aspect ratios of the order of unity 
when footprint costs are low. For higher pressure vessels, hoop stress considerations urge the design 
towards very high aspect ratios. For a given design, data will exist by which these competing effects 
can be arbitrated. Table IV-52 shows the L/D ratios assumed. 

Table IV-52 

ASSUMED STORAGE VESSEL 
LENGTH/DIAMETER RATIOS 

3in 

No. L/D 

1 4.0 

2 5.75 

3 5.75 

4 5.75 

5 1.0 to 1.25 

L/D’s for bins 2. 3. and 4 are the data of Reference 2. A somewhat lower figure is suggested for Bin 
1 to limit the hydrostatic head to values consistent with “unpressurized” welded steel tanks. The 
brick enclosure recommended for Bin 5 is recommended at a relatively low L/D of less than 2 for 
two reasons. Tlie first of these is earthquake resistance. The second is that for longer system, 
parasitic power will rise unless the fraction of void space is increased. Increasing the void fraction 
(50 percent assumed) requires progressively larger systems defeating the purpose of a greater L D. 
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3.0 SYSTEM DESCRIPTION 

The following paragraphs describe the 5 energy storage systems appropriate for the five temperature 
bands. In all cases, the system round trip efficiency is limited not by engineering principles but 
rather by economic inputs. Hence, thermal losses from the storage container and its associated 
piping or ductwork can be decreased with the application of additional insulation. Depending upon 
the volume of energy at the time of actual construction, the most cost-etfective investment in 
insulation can be defined. A similar situation exists in the tradeoff between pipe (duct I size and 
parasitic power requirements. In a general survey such as the one herein reported, recourse is had to 
generalized current practice. 

3.1 HOT WATER STORAGE 

A schematic hot water storage system is presented in Figure IV-50, Retrofit considerations arc 
simplified through a system design incorporating a single brcak/tie-in to existing supply lines. 

3.1.1 Instrumentation and Control Systems 

As hot water demand decreases, the supply line pressure will increase. Sensing the increased pressure 
opens the storage system fill valve. Increasing demand will decrease the supply line pressure 
activating the tank discharge valve and pump. Liquid level seiisors guard against overfilling and 
against reducing the liquid level to the point where gas is in’roduced into the supply line. A simple 
hurst diaphragm guards the tank against overpressure from unforeseen system malfunctions. 

3.1.2 Development Status 

Systems of this type have been used industrially for main years .A common applicatitm allows 
increased peak boiler steam output through, the storage of preheated feedwater healed during low 
demand periods. 

3.1.3 Parasitic Power 

Neglecting the \erv slight electrical requirements of the pressure sensing \alves. the onl\ pouer 
required by the system is that to drive the pump. This occurs onK during discharge portion of the 
cycle, .\ssuming that tlie sy stem can be close coupled to existing piping, l.irge pipes can be selected 
at .1 minimum cost penalty resulting m minimal parasitic power requirements. 

For example. ,i system delivering water at 1'o‘^F (the mid temperature of Bin 1) at 1.15 x lU' 
Ibshrs.nes 125.^' Btu lb, hence delivering 1.42 x lU Btu hr. W ilh a juping sy stem eflectivelv loO 
feet long and 5 inches in diameter, a pump power of 1-1 2 horsepower is required. The ratio of 
par.isiiic power to energy delivered is 0.0(J02'. Iiureasing the pipe diameter to 4 inches decre.ises 
the reipured power by ,i factor ol' t'ive. It is recommended that par.isitic power requirements o| this 
s\ stem be neelected. 
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3.1.4 Thermal Losses and Round Trip Efficiency 

Irrespective of the fill-drain cycle, the storage system will maintain a high temperature inner wall 24 
hours per day. Losses then on a 24-hour time frame must eventually be withdrawn from the stored 
liquid. For a cylindrical tank with a length (L) to diameter (D) ratio of 4. the surface area to volume 
ratio is 4.50 D*l. Taking a nominal storage temperature of 176^F. an ambient of 70®F. and an 
insulation conductivity typical of inexpensive, available materials at 0.023 Btu/ft-°F-hr (glass wooli. 
the energy lost as a fraction of the energy capacity may be found as a function of the product of 
insulation thickness (b) and tank diameter ( D). 

Energy lost 0.0353 

Energy capacity Db 


where: 

D = tank diameter in feet 
b = insulation thickness in feel 

This calculation ignores the resistance to heat transfer of the inner tank-tluid interface, the tank 
wall itself, and tlic outer insulation-air interface and .... dun conservative. 

A 10-foot diameter tank with a 1 '2 foot insulation blanket \ields a predicted tank thermal loss less 
than 1 percent. 

Close coupled piping systems yield additional benefits in reduced thermal losses as well as minimal 
parasitic power. Paying close attention to insulation at bends and elbows, coupled with present 
piping insulation practice, can limit losses to less than 1 percent of the energv' carried, thus an 
oserall thermal loss less than 2 percent and a round trip efficiencv of "H percent are .ichievable 
parameters tor this type ot sv stem. 

3.2 LOW PRESSURE STEAM STORAGE 

,A schematic of a low to medium pmssure steam storage system is presented in Figure IV-.' I . Steam 
is shown supplied from a pressure tap in a turbine: how ever, .iiu' steam source of somew hat higher 
temperature and pressure titan the low pressure steam demand will suffice 

Steam is ted into the submerged distribution dcwice where it condenses, transferring its energs to 
waiter, Wa’er temperature is raised to the saturation temperature characterist ic .if the stor.ige s\siem 
pressure. Hence the ma,or amount ol’ stored energv is m the enthalpy of the saturated water. L'pon 
demand, a decrease in the storage pressure results m a l.irge mass ot' superheated water, a fraction of 
whisli will ilash to steam sen. rapidK . the la.est b.eat of vapori/.;ition being dr.iwn irom the 
remaining liquid until -.itur.ition condition at the new^ pressure is reached. 

3 2.* Instrumentation ;tiui Control Systems 

Decreasing demand for low-piessure steam is sensed b\ the increasing line pressure. This sien.il is 
used to open tile ste.im to|s line from the tuibine and m.i\ also p.irti.ilK close tb.e m.iin sie.im 
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demand line. Inereased demand for steam is sensed by a low steam line pressure and opens the line 
from the storage system. Venturi flow limiters are arranged both in the accumulator discharge line 
and in the burst diaphrajm device. These devices limit the steam flow to tolerable levels in the case 
of line rupture, as the inherent response of these devices to lowered pressure is extremely rapid. 

3.2.2 Development Status 

The technology of low and medium pressure steam accumulators was developed m the 1910 to 
1920 time frame. .A steam storage installation of a quarter of a million gallons was developed m 
1921 . The technology is thus well developed. 

3.2.3 Parasitic Power 

Other than the slight electrical needs cf the valves and instrLimentation. there is no parasitic power 
required by these systems. 

3.2.4 Thermal Losses 

Thermal losses from this type of system are manifested by a reduced s\ stem pressure. Frequently a 
slight steam bleed is arranged to make up the thermal loss. If the charge-discharge cycle is of 
24-hour duration, then losses occurring over the entire cycle must be charged against the storage 
capacity. .<\nalysis similar to that of paragraph 2.1.4 yields a surface area to volume ratio of 4.348 
D*1 for a cylinder with a length to diameter ratio of 5.75. .At the mid bin temperature of 25o'^F. a 
discharge demand temperature of 212^''F. and an ambient temperature of "O'^F. the relationship 
between energy loss (as a fraction of energy stored), tank diameter, and insulation thickness is 
found as: 


Heat lost _ 9.!",' 
Heat -tored Dh 


w here : 

D = diameter m Icct 

b - insulation thickness in feet 

.\ iO-foot diameter tank witli a 1 2 toot insulution 'nl.inket wmiid ' limited to 2 per._..m! loss 
pe:' day. Losses from lines .ind fittir.gs may .iniount to 1-1 2 percent \ leid"'.: ,in estim.iteii locs m ' 
percent per daily cy cle or ; round trip efficiency o!' 9s percent. 

3 . M HILM PRESSURE STEAM STORAGE 

Scaematically . tlie medium pressure steam storage system ;s identical t(s the iov. -['resv.ire s\ stern 
sl'iown in Figure !\'-5 1, Pressure levels for tins -ystem m.iy range i’rv'in o' i'sia to 'vM) psia A liere.is 
a welded steel vessel inich.t he chosen for .t design m the low tem.per.itare portion, n this '■'nn". .i 
prestressed cast iron sc! will likely show a cost .ul'.antage o,ver m.'st oi th.e range and, is tlius 
chosen . s :!ie nominal proaeh. 
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3.3.1 Instrumentation and Control Systems 

Instrumentation and control systems differ from those described in paragraph 3." I only in pressure 
level. 

3.3.2 Development Status 

Technology for medium pressure steam storage is well developed. The prestressed cast iron vessel is 
a relatively recent development, an outgrowth of research towards containment for high 
temperature nuclear reactors. Original designs for this application used concrete rather than cast 
iron for the vessel wall. The advantages of this system over welded steel vessels were (Reference 2) 
lelative freedom from crack propagation, ease of errection on site, and the ability to contain higher 
pressures through the use of high tensile materials for the tendons. Tlie latter advantage is enhanced 
through the ability to keep these members in a relatively low temperature environment. 
Disadvantages of the prestressed concrete vessel arise from the relatively low strength of concrete, 
shrinkage and creep effects in concrete, the possibility of pressurized cracks fin the event of a leak 
in the liner, the effective radius of the pressure vessel increases, increasing the stress level), and 
finally, the necessity to maintain the concrete at relatively low temperatures. 

Substitution of cast iron for concrete in the vessel design is reported to alleviate all of these 
disadvantages. A test vessel has been built in Germany and is under evaluation. No fundam'ntal 
reason which could prevent this technology from being available in the 1985 to 2000 time period 
was located. 

3.3.3 Parasitic Power 

Other than the slight power requirements for instrumentation and valving, no electrical power is 
required by the system. 

3.3.4 

The prediction of the relationship between insulation thickness and vessel diametcT- is identical to 
that for low pressure steam presented in paragraph 3.2.4 except in temperature level. Thus, the 
surface to volume ratio is 4.348 D'l , .At the mid range temperature of 400'^F. a discharge demand 
temperature of 300^’’F (maximum allowab'e) and an ambient temperature of 'O^F the relationship 
between energy lost, tank diameter, and insulation thickness is found as: 

Energy lost _ 0.1299 
Energy stored bD 


where: 

b = insu'' 'on thickness (ft) 

D = vessel diameter (ft ) 

Thermal losses through the major portion of the cylindrical \ccsei ..in limited to 2-1 2 percent 
'ey j 1 2 foot insulation thicknes.s ( ' O-ioot diameter \esscii f-leat losses 'hroutti' the pressuri/eJ 
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insulation pads which support the tension members away from the vessel wall will represent the 
major system loss. Reference 2 suggests overall storage efficiencies of 0.7 to 0.85. .^s the nominal 
pressure pressure range for those studies was somewhat above the maximum considered in this 
"bin”, the higher end of the range at 0.85 is suggested as a design figure. 

3 4 HIGH PRESSURE STEAM STORAGE 

Steam at 500 to 700° is the energy source for this system. If saturated, this steam would be at a 
pressure ranging from bSO to 3.200 psia. Steam systems pressurized to levels above 1.500 psi 
lb00°F saturation! are uncommon, thus it is likely that the energy supplier in the upper 
temperature half of this bin would be superheated steam. Prestressed cast iron vessels should show a 
very significant cost advantage over other containment means for these pressure levels by the 1985 
to 2000 time period. 

Superheated steam storage, per se. is not known. Either a very considerable loss in availability is 
incurred in cooling and condensing at the available pressure or a very great expenditure in pumping 
power IS required to pressurize to the saturation pressure. certain amount of superheating of 
steam from an accumulator is possible by incorpiorating heat exchangers witliin the steam storage 
system; however, the net energy output is the same as for a saturated steam delivery s\ stem, hence 
the mass of steam delivered per unit volume of storage decreases. 

The nominal system chosen to cover this band is applicable to systems where saturated steam is 
available as it is very unlikely that a system designed to store the energy from superheated steam 
would be cost effective. This system is presented schematically in Figure IV-52. It is very similar to 
that for low and medium pressure steam storage except that incorporation of one of the mans 
known molten salt eutectic storage systems is projected. E>sentiall\. the higher energv storage 
density of these materials will allow a required amount of energy to he stored in a Miialler pressure 
vessel. Conceptually, the phase change m.iteria! may be encapsulated m suitably inert cont.imers and 
submerged m the pressure vessel. By choosing siiita'nK small di.imeter containers, the desired sv stem 
response mav' be achieved. Problems with phase sep.ir.ition and th.e progression on’ the lio,uid-sohd 
interface which currently plague large-scale molten salt s\ stems ^aii tlicre'ov be eircum'eented. 

f hi.nce of the particular saP or salt eutectic will be specific to cash installation. The familv ol .ilkali 
metal halides may provide , suitable eutectic choice for manv s\ stems w ith msliision of 
alkali-iu droxides and smaller amounts of alkali metal carbonates or nitr.ites reo,uired m some ^ases. 

3.4.1 Instrumentation and Control Systems 

Th.e control system for tlie higii pressure stream storage system '.s simil.ir to tliat for low md 
medium pressure systems except that a temperature sensor imiicatmg the status ot tlie ph.ise Lluinee 
m.iten.il may be rei-Uiired to determine when the system is fully charged. 

.T4.2 Development Status 

The over. ill te.inudogy fe>r liigli pressure ste.im storage w .is dev-hi’peu m te.s Lite ! '’Ms \ j;. shi.i 
-'. illon I (v3 M-' I y stem operating at i .~0t) psi i 1 2u kc mn 2 i w .is ■ m ,trt.s ted line .is a s, ree 
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BIN NO. 4 - HIGH PRESSc^E STEAM STORAGE SYSTEM 
ENERGY STORAGE SUBSYSTEM SCHEMATIC 


STEAM 

SUPPLY 


• SUPPLY/DEMANO MEDIUM 

• STORAGE MEDIUM 

• TEMPERATURE RANGE 

• DEVELOPMENT STATUS 


STEAM 

WATER & ENCAPSULATED PCM 
5(X)to 700°F 

ENCAPSULATION IN DEVELOPMEN’’ 
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for steam storage locomotion (Reference 1). The maturation of cost-effective prestressed cast iron 
vessel technology coupled with the riseing value of energy should result m a resurgent interest in 
high pressure steam storage. Comments regarding the development status of PCIV's under paragraph 

3.3.2 are equally pertinent here and need not be represented. 

The status of molten salt energy storage techniques deserves some comment. The handling of many 
types of these materials is well known througli their use in metal pressurization and heat treating 
applications. E.xtension of this technology to the storage of thermal energy is receiving considerable 
attention at the current time. No reason is foreseen why this technology should not be available in 
the time of interest. 

3.4.3 Parasitic Power Requirements 

The slight electric power requirements for instrumentation may be neglected for high pressure 
steam storage as well as medium and low pressure applications. 

3.4.4 

Major thermal losses from this system will arise through the insulating pads, similar to the case 
described under paragraph 3.3.4. For high pressure applications, the lower of the round trip 
efficiency calculations of Reference 2 at ~0 percent should be used. 


3.5 ENERGY STOR.AGE SYSTE.M FOR 700 TO 1.000«F GAS ( AIRi 

Whereas many systems are known whereby energ\ from this source can be stored and retneced. the 
most cost competitive system is likeK' to be a packed bed of solid material. Reference 1 1 presents 
an analysis comparing several eiiergv^ storage means sized for a large concentrating colar 

collector-helium turbine system. .A solid sensible storage bed was chosen on the h.isis oi cost m that 

study. The studv' herein ropi’-rted differs largelv’ in presswe level iverv sigmficaiitlv lovveri. The 
effect of this dilference upon the cost calculations will be to decre.ise tlie stiiraee svstem cost 
through the lack of requirement for pressurized cisiitainment and to increase tlie oinipetitive ^ost 
edge tor packed In.'d tliermal storage tecimiques. 

,A schematic of the sv stem is presented in Figure l\'-53. single entrv into the supply duct scr.es 'mth 
as .1 ^'liarge and disciiarge line simphfv ing the retrofit logistics. Blowci-' .ire .irraneed to loive ecoess 
liot air tlimugli tiie storage bed or draw ambient air irack througli tiie svstem, Tice rc\ers,ng ol 
outllow direction in Jiarge and disciiarge modes allows the svsieni to beiiave soniewlial like ..i 
counterl’low ixmt esciianger. therein minimizing tiie ditlercnce iieivveen the temperature ot‘ gas 
available tor cliarging tile bed and tiuit supplied to the demand by discharging tiie i^eil 1 ssentialiv .i 
thermal front passes down the bed towards the e\it during charging and back up tlie ned Junne 
dis.diarging. Ideal an.ilysis oi' tliese devi..es neglexts therm. li conduction in the ici.ii bed dircxtion, 

temperature differences vitiiin tlie storaec matciaal masses, heat losses m tiie radial dire^lam. tine 

resistance to heat transter at tiie g.is-storage m.i" inter', ue .itui turbuieixe e'le.l' a ithin tiie bed. 
Tills analysis v leids a plane wave o; tix rm.d discontinuity i i.e.. a step tuix tnnii passime up .mi 
chnv n tile bed durine diaree .iiid dis^lu'-cc ium .i n'otop. 
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BIN NO. 5 - HIGH TEMPERATURE GAS STORAGE SYSTEM 


ENERGY STORAGE SUBSYSTEM SCHEMATIC 


• SUPPLY/DEMAND MEDIUM 

AIR 


• STORAGE MEDIUM 

MAGNESIA BRICK 


• TEMPERATURE RANGE 

700 to 1000OF 


• DEVELOPMENT STATUS 

IN USE 


AIR 


AIR 

SUPPLY 


DEMAND 



CHARGE FAN I • 


DISCHARGE FAN 


TO AMBIENT 


CHARGE AND 
DISCHARGE CONTROL TBS 
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Real bed effeets modify the sliape of this wave. The effect of radial conduction is to decrease the 
temperature of the bed at the system perimeter and yielding a domed piston shape for the thermal 
wave. The other effects smooth out the discontinuity yielding a situation most easily visualized as a 
series of isothermal planes of domed shape spaced one from another as a function of the degree of 
resistance to heat transfer at the surface, the amount of a.\ial conduction, the amount of turbulence 
in the bed, and the temperature difference required to drive energy from the surface of each mass to 
its center. 

3.5.1 Instrumentation and Control System 

A pressure difference in the ductwork will exist as a function of the supply and demand for the 
energetic tluid. This may be considerably smaller for this system than for the .team system but 
should serve as a suitable indicator for a generalized description. Sensing this pressure difference (or 
other indications) serves to control power to both fans and valves. The valves are required to avoid 
“short circuit” flow loops. 

3.5.2 Development Status 

Systems similar to this are currently m use in many industrial situations, notably the checkerwork 
regenerators of the steel industry. 

3.5.3 Parasitic Power Requirements and Thermal Efficiency 

In any given design, system parasitic power trades off against system thermal efficiency. With the 
reversing How ..harge-discharge mode, the major thermal loss occurs not from the radial conduction 
losses, but when the temperature of the gas exhausted to ambient exceeds ambient temperature. 
This will occur towards the end of the charging cycle as the first of the envisioned isotlierms passes 
the end of the storage bed. By making the bed long enougii. this effect need never happen. The 
penalty, however, is that the fans must w'ork against a higher pressure difference all the time. Hence, 
tlie optimum bed length will incorporate a fraction of storage material which docs not cycle 
through tlie lull temperature swing of the bulk of the material. 

Based upon the results of recent research work not \et publisiied. the optimum was found at a bed 
design incorporating isetween 15 and 20 percent more material tlian would be retiuired to store the 
energv available. This system required a parasitic power o! 1 percent ot’ tiic cnergv stored and 
operated at a round trip efficiencv' of ^0 percent. These are I'elt to be tvpicalK achievable values,/ 
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4.0 CONCLUSIONS 

Thermal energy storage systems have been analyzed for each of the five temperature spans 
identified. Tlie estimated round trip efficiencies and parasitic power requirements for these systems 
are collected in Table IV-53. 


Table IV-53 

ESTLMATED STORAGE SYSTEM PARASITIC LOSSES AND EFFICIENCY. 
AS A FUNCTION OF STORAGE TEMPERATURE RANGE 


Bin 

No. 

Temperature 

Range 

(OF) 

Parasitic Power 
(Ratioed to Energy Stored) 

Round Trip 
Efficiency 

r^) 

1 

140-212 

2.7 X 10-^ 

98 


212-300 

0 

95 

3 

300-500 

0 

85 

4 

500-700 

0 

70 

5 

700-1,000 

0,02 

80 
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D. BALANCE OF PLANT SYSTEMS 


INTRODUCTION 


Section D contains descriptions of the following fourteen balance 
of plant systems: 


SYSTEM 

NUMBER SYSTEM NAME 


1 Distillate oil storage and distribution system 

2 Residual oil storage and distribution system 

3 Coal storage and distribution system 

4 Limestone storage and distribution system 

5 Dry waste solids disposal system 

6 Wet "»aste solids disposal system 

7 Sulfur dioxide scrubber system 

8 Hot gas cleanup systeni 

9 Boiler feedwater system 

10 Heat rejection system 

1 1 Electrical conditioning and control system 

12 Energy conversion system building 

13 Site preparation and development 

14 Energy conversion equipment installation 


A descriptive section follows for each baleuice of plant system 
including characteristics and, where appropriate, a diagram of 
the system. Data are given as a function of system capacity. 
The range of capacity considered was chosen to bracket the 
systems expected to be required by the CTAS cogeneration plants. 

Curves of the field construction cost variation with system 
capacity are included for each balance of plant system, 1 through 
11- The costs are broken down into equipment and materials and 
installation costs. Detailed breakdowns of the cost of systems 
for design capacity are also provided for systems 1 through 11. 


Operating and Maintenance Costs 

The annual operating and maintenance costs for the cogeneration 
facility balance of plant can best be related to the type and 
size of heat source used in the plant. The annual costs in 
dollars per million Btu/hr of design thermal output capacity of 
the heat source are as follow: 
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Annual OCM Costs 

TYPg Dollar 8/ Mil lion Btu/Hr 

Oil-fired heat source 117 

Coal -fired heat source 204 

Coal- fired heat source with 

sulfur dioxide scrubber 554 

Coal-fired heat source with 

hot gas cleanup system 256 
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DISTILLATE OIL STORAGE AND DISTRIBUTION SYSTEM 
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The distillate oil storage and distribution system is shown 
schematically in Figure IV-54. The system includes provisions 
for the unloading, storage, and the distribution to the heat 
source burner of petroleum or coad derived distillate fuel. The 
storage system is sized for a thirty day capacity.. Design and 
operating characteristics for distillate oil systems providing a 
fuel flow equivalent to 50 million to 1200 million Btu/hr are 
outlined below. 


Char acter ist ics 

• Fuel 

• Tanks 


• Unloading Pumps 

• Transfer Pumps 

• Booster Pump 

• Piping 


65F unloading, transfer, and 

delivery temperature 

2.5 centistokes viscosity at 100F 

30 day storage tank capacity 
24 hour day tank capacity 
Carbon steel construction 
4 in. fiberglass insulation 

Capacity to unload 4 8 hours of 
burner fuel in foi. r hours or less 

Capacity to fill the day tank 
in four hours or less 

Capacity designed for maximum 
burner fuel consumption 

Nominal pipe lengtiis are 
included for all services. 


Numoer of Units o f Major Equipment Items 



Fuel Heat Rate 

Numbe r 

of 

Item 

Million Dtu/hr 

Oneratinq 

JJn 

Storage Tanks 

<500 

1 



500 - 1 000 

2 



> 1000 

3 


Day Tank 

<100 

0 



>100 

1 


Unloading Pumps 

<100 

1 



100 - 1000 

4 



> 1000 

8 
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Number Qf_Uhit8 of Major Equipment Items (Cont«d,l 




Fuel Heat Rate Number of 

Mallxon Btu/br Operating Units 


Transfer Pumps 


<1000 

>1000 


1 

2 


Booster Pump 


All sizes 


1 


Electric power is required for the unloading, transfer, and 
booster pumps. The auxiliary power requirement is 0.009 kWe per 
million Btu/hr of fuel energy delivered. 


Capital Costs 

Figure IV-55 shows the field construction cost as a function of 
the heat content of the fuel flow. The cost breakdown for the 
design point fuel flow equivalent to 500 million Btu/hr is 
presented in Table IV-54. 



DISTILLATE OIL STORAGE AND DISTRIBUTION SYSTEM 



COST IN MID-197B DOLLARS 


FCR-1333 



IV- 190 


Dl^i|.L|^TE OIL STORAGE AND DjSTRUIUTIpN BY^EM 


Power Systems Division 


, CR-1333 


TAELE IV-54 

DISTILLATE OIL STORAGE AND DISTRIBUTION SYSTEM 
FIELD CONSTRUCTION COST 
(FUEL FLOW EQUIVALENT TO 500 MILLION BTU/HR) 

ITEMS DOLLARS 

Equipment 

Tanks 221,000 

Pumps 21,000 

Other 8,000 

Civil/Structural 56,000 

Piping/Instruiiientation 20 .00 0 

Total Equipment and Materials 326,000 

Direct Installation Labor (a) $14/MH) 33,000 

Indirects (a) 75X of Direct Labor) 25.000 


Total Field Construction Cost 384,000 

(Mid-1978 Dollars) ======= 
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SYSTEM 2 

RESIDUAL OIL STORAGE AND DISTRIBUTION SYSTEM 


The residual oil storage and distribution system shown 
schematically in Figure IV-56 includes provisions for unloading# 
storage# and distribution to the heat source systen of petroleum 
or coal derived residual fuel. The storage system is sized for a 
thirty day capacity. Design and operating characteristics for 
system providing fuel flows equivalent to 50 to 1200 million 
Btu/hr are as follows. 


Characteristics 

• Fuel 100F unloading temperature 

150F circulating temperature 
40 centistokes viscosity at 100F 

• Tanks 30 day storage tank capacity 

24 hour day tank capacity 
Carbon steel construction 
4 in fiberglass insulation 


• Unloading Pumps Capacity to unload 48 hours of 

burner fuel in four hours or less 


• Circulation Pump 10:1 for <100 million Btu/hr 
Rates of delivered fuel energy 

5:1 for 100 million to 500 million 
Etu/hr of delivered fuel energy 
2:1 for >500 million Btu/hr of 
delivered fuel energy 


• Booster Pumps Capacity designed for maximum 

burner consumption 


• Heaters Steam heating provided to 

maintain specified operating 
temperatures 


• Piping 


Nominal pipe lengths are 
included for all services. 


Number of Units of Major Ectuicment Items 

Fuel Heat Rate 
Item Million Btu/hr 


Number of 
Operating Units 


Storage Tanks 


<500 

500 - 1000 
>1000 


1 

2 

3 
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Number of .Units of Major Eguipmept Items CCQnt*d. 1 


Item 

Day Tank 

Unloading Pumps 

Circulating Pumps 

Booster Pump 

Circulating Pump 
Suction Heater 

Triin Heater 


Fuel Heat Rate 
Million Btu/hr 

<100 

>100 

<100 

100 - 1000 
>1000 

>1000 

>1000 

All Sizes 

All Sizes 


All Sizes 


Number of 
Oceratina Units 

0 

1 

1 

4 

8 

1 

2 

1 

1 


1 


Utility Requirements 

• Electric power is required for the system pumps. 
The power required is 0.2 kWe per million Btu/hr of 
delivered fuel energy 

• Low pressure, 300F steam is required for the system 
heaters. The steam energy required is 7000 Btu/hr 
per million Btu/hr of delivered fuel energy. 


Capital Costs 

Figure IV-5 7 shows the field constiniction cost as a function of 
the heat content of the fuel flow. The cost breakdown for the 
design point fuel flow equivalent to 500 million Btu/hr is 
presented in Table IV- 55. 


IV-193 



igure IV 56 RESIDUAL OIL STORAGE AND DISTRIBUTION SYSTEM 
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TABLE IV- 55 

RESIDUAL OIL STORAGE AHO DISTRIBUTION SYSTEM 
FIELD CX3NSTRUCTION COST 
(FUEL FLOW EQUIVALENT TO 500 MILLION BTU/HR) 


imS DOLLARS 
Equipment 

Tanks 316,000 
Heaters 8,000 
Pumps 21,000 
Other 8,000 

Civil /Structural 56,000 
Pipinq/Instmmentation 23 .000 
TotoLl Equipment and Materials 432,00 0 

Direct Installation Labor (d $14/MH) 33,000 
Indirects (3 75* of Direct Labor) 25,000 


Total Field Construction Cost 490,000 

(Mid- 1978 Dollars) ======= 
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The coa] storage and distribution system is illustrated in Figure 
IV-58. It includes provisions for coal unloading^ stockpiling, 
crushing and day storage prior to conveying to the heat source. 
Design and operating characteristics of the coal systems 
providing fuel flows equivalent to 50 million to 1200 million 
Btu/hr are summarized below. 


Characteristics 

• Trackhoppers and vmloading apron feeders located at 
tracks ide 

• Stacking conveyor with stacker 

• Stockpile for 30 day live storage 

• Reclaim feeder 

• Transfer conveyor 

• Double roll crusher 

• Crushed coal conveyor and day bin conveyors 

• Carbon steel day bins 

• Belt type weigh feeders 

• Includes foundations, structural steel, conveyor 
supports, platforms and walkways 

• Dust collection system and fire safety system. 


Number of Units of Major Ecfuipment Items 

Fuel Heat Fate Number of 

Item .'lillion Btu/hr Operating Units 


Trackiioppers and 
Apron Feeders 

All 

Sizes 

1 

Lot 

Stacking Conveyor 
and Stacker 

All 

Sizes 

1 

Lot 

Stockpile 

All 

Sizes 

1 

Lot 
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NumJper of Uhits of Malor Eaui pinent Items fCont«d.) 


Item 

Fuel Heat Rate 
Million Btu/hr 

Number of 
Operating Units 

Reclaim Feeder 

50-600 

1 


600-1200 

2 

Transfer Conveyor 

50-600 

1 


600-1200 

2 

Double Roll Crushers 

50-600 

1 


600-1200 

2 

Crushed Coeil Conveyor 

50-600 

1 


600-1200 

2 

Day Bin Conveyors 

50-150 

1 


150-400 

2 


400-700 

3 


700-1000 

4 


1000-1200 

5 

Day Bins 

50-150 

1 


150-400 

2 


400-700 

3 


700-1000 

4 


1000-1200 

5 

Beit Type Weigh Feeder 

50-150 

1 


150-400 

2 


400-700 

3 


700-1000 

4 


1000-1200 

5 

Utility Reouirements 

• The electric 

power requirement for all drives in 

the system 

is 0.07 kWe per 

million Btu/hr of 

delivered fuel energy 


Capital Costs 

Figure IV-59 shows the 

field construction 

cost as a function o 

the heat content of 

the fuel flow. The cost breakdown for th< 

design point fuel flow equivalent to 

500 million Btu/hr i; 

presented in T 2 d)le IV- 

56. 
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TABLE IV- 56 

COAL STORAGE AND DISTRIBUTION SYSTEM 
FIELD CONSTRUCTION COST 
(FUEL FLOW EQUIVALENT TO 500 MILLION BTU/HR) 


ITEMS DOLLARS 
Equipment 

Bins 95,000 
Conveyors and Feeders 701,000 
Other 586,000 

Civil/S tructuj al 300,000 
Piping/ Instrunentati on 223 .000 
Total Equipment cuid Materials 1,905,000 


Direct Installation Labor (a) $14/MH) 595,000 

Indirects (s 7531 of Direct Labor) 446, 000 

Total Field Construction Cost 2,946,000 

(Mid- 1978 Dollars) ========= 
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SYSTEM 4 

LIMESTONE STORAGE AND DISTRIBUTION SYSTEM 


The limestone storage and distribution system is illustrated in 
Figure IV-60. It includes provisions for stockpiling, transfer 
to day bins, and conveying to the heat source. It is assumed 
that unloading equipment used for cosd. handling will be used for 
unloading the limestone. Design and operating characteristics of 
limestone systems providing 2000 to 60,000 lb/ hr of stone are 
summarized below. It is also assumed that the system required 
for handling dolomite is similar to the limestone handling 
system. 


Characteristics 

• Stockpile for 30 day live storage 

• Reclaim feeder 

• Transfer conveyor and day bin conveyors 

• Carbon steel day bins 

• Belt type weigh feeder 

• Includes foundations, structural steel, conveyor 
supports, platforms and walkways 

• Oust collection equipment. 


Number of Units of Major Equipment Items 

Fuel Heat Rate 
Item Million Btu/hr 


Number of 
Operating Units 


Stockpile 

All Sizes 

1 Lot 

Reclaim Feeder 

2-25 

1 


25-60 

2 

Transfer Conveyor 

2-25 

1 


25-60 

2 

Day Bin Conveyors 

2-25 

1 


25-60 

1 
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Number of Units of Major Equipment Items (Cont*d.) 


Item 

Fuel Heat Rate 
Million Btu/hr 

Number 

Operatinq 

Day Bins 

2-25 

1 


25-60 

2 

Belt Type Weigh Feeder 

2-25 

1 


25-60 

2 


Utility Requirement 

• The electric power requirement for all drives in 
the system is 0.45 kWe per thousand Ib/hr of 
limestone supplied by the system. 


Capital Cost 

Figure IV-61 shows the field construction cost as a function of 
system capacity. The cost breakdown for the design point flow of 
24,000 Ih/hr is presented in Table IV- 57. 
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2 5 10 20 50 100 

SYSTEM CAPACITY (THOUSAND LB/HR) 

Figure IV 61 VARIATION OF FIELD CONSTRUCTION COST WITH SYSTEM CAPACITY 
FOR LIMESTONE STORAGE AND DISTRIBUTION SYSTEM. 
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TABLE IV-57 

LIMESTONE STORAGE AND DISTRIBUTION 
FIELD CONSTRUCTION COST 
(24,000 LE/HR FLOW) 


Equipment 

Bins 

Conveyors and Feeders 
Other 

Civil/Structural 

Piping/ I ns tr ument at ion 

Total Equipment and Materials 

Direct Installation Lad^or (3 $14/i)iH) 
Indirects (3 75 X of Direct Labor) 

Total Field Construction Cost 
(Mid-1978 Dollars) 


SYSTEM 


DOLLARS 

50,000 

391.000 

289.000 

100.000 

157.000 

987.000 

512.000 

384.000 

1,883,000 
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DRY SOLIDS WASTE DISPOSAL SYSTEM 
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The dry solids %<aste disposal system, shown schematically on 
Figure IV-62, includes provisions for the distribution, storage, 
and unloading for transport of cold, dry solids waste. The 
storage system is sized for a one week solids capacity. Design 
and operating characteristics for waste disposal systems handling 
100 to 40,000 Ib/hr are summarized below. 


Characteristics 

• Suitable for dry solid waste, below 350F, from the 
following systems 

- Atmospheric fluidized bed 

- Pressurized fluidized bed 

- Pulverized coal system cyclone 

• 200 ft long transfer conveyor from heat source to 
bucket elevators 

• Carbon steel bucket elevator to carry solids from 
transfer conveyor to storage bin 

• Carbon steel storage bins for one week solids 
capacity 

• 25 ft long loadout conveyor, with personnel 
protection, for unloading storage bin- 


N umber of Units of Major Ecaaipment Items 

Solids Flow Rate 

Item Thousand Ib/hr 


Number of 
Operating Units 


Transfer Conveyor 


<20 

>20 


1 

2 


Bucket Elevator 
Storage Bins 


<20 1 

>20 2 

<10 1 

10-20 2 

20 - 30 3 

30-40 4 


Loadout Conveyor 


<20 

>20 


1 

2 
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Utility Requirements 

Electric power will be required for the transfer conveyor* bucket 
elevator* and the loadout conveyor. The auxiliary power 
requirement is approximately 2 kWe per 1000 Ib/hr of dry solids 
waste. 


Figure IV-63 shows the field construction cost as a function of 
system capacity. The cost breakdown for the design point flow of 
20*000 Ib/hr is presented in Table IV-SS. 
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TABLE IV- 5 8 

DRY WASTE SOLIDS DISPOSAL SYSTEM 
FIELD CONSTRUCTION COST 
(20,000 LE/HR FLOW) 


IX££1S 


Equipment 

Bins 

Conveyors 
Dust Collector 
Other 


Civil/Structural 

Piping/ Instrumentati on 

Total Equipment and Materials 

Direct Installation Labor (S S14/MH) 
Indirects (i 75% of Direct Labor) 

Total Field Construction Cost 
(Mid- 1978 Dollars) 


DOLLARS 

80,000 
68,000 
1 10,000 

30.0 0 0 

50 , 0 0 0 

366.000 

33.000 
..ISiLOOO 

424.000 
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SYSTEM 6 

WET WASTE SOLIDS OISPOSitL SYSTEM 


The wet waste solids disposal system is illustrated schematically 
in Figure IV-64. The system includer, provisions for forming a 
solids waste slurry, slurry clarification, sludge filtration, 
water reclamation, and sludge disposal. Design and operating 
characteristics for systems handling 10 to 2000 Ih/hr of wt 
waste solids are summarized below. 


• The system is suitable for solid wastes above 350F 
from the following sources: 

• Coal fired boiler bottom ash 
- Hot gas cleanup system 

• Carbon steeL slurry tank with corrosion resistance 
coating and an integral clinker grinder 

• settling pond with 4 in. thick concrete and 30 mil 
thick polyethylene liner 

• Carbon steel reclaim water holding tank with 

corrosion resistance coating 

• Solid waste dump area for intermittent truck 

loading and the trucks 

• Slurry pump and sluicing water supply punp 

• Filter press and filter feed pump 

• Nominal pipe lengths included for all sezrvices. 


Number of Units of Major. Equipment sterns 

For all of the sizes of solids disposal system considered in this 
study, there will be one operating unit of each major equipment 
item. 


• Electric power is required for pumps. The power 
requirement is 0.005 kWe per Ib/hr of solid waste 
handled. 
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• Makeup water required is 0.5 lb. per lb /hr of solid 
waste handled. 


CAaiUi-SQftt 

Figure 1V-6S shows the field construction cost as a function 
of system capacity. The cost breakdom for the design point 
flow of 1,000 Ib/hr is presented in Table IV-59. 
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Figure IV 64 WET WASTE SOLIDS DISPOSAL SYSTEM 
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TABLE IV-59 


WET WASTE SOLIDS DISPOSAL SYSTEMS 
FIELD CONSTRUCTION COST 


(1,000 LB/HR FLOW) 


ITEMS DOLLARS 
Equipment 

Tanks 13,000 
Pumps 8,000 
Other 2, 000 

Civil/Structural 10,000 
Piping/Instrumentation 5. 000 
Total Equipment and Materials 38,000 

Direct Installation Labor {a S14/MH) 9,000 
Indirects (a 75% of Direct Labor) 1 , 000 


Total Field Construction Cost 54,000 

(Mid-1978 Dollars) ======= 
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The sulfur dioxide scrubber system is illustrated schematically 
in Figure IV-66. It includes provisions for removing the sulfur 
from the flue gas, heating the clean flue gas, and disposing of 
the waste solids. Design and operating characteristics for 
sulftir dioxide scrubber systems operating with a heat sources 
firing 50 million to 1200 million Btu/hr of fuel are summerized 
below. 


Characteristics 


• Lime/ limestone or lime/soda ash sulfur dioxide 
scrubber 

• Sulfur dioxide concentration in the heat source 
flue gas is 3000 ppm. With a scrubber efficiency 
of 85 percent, the concentration in the clean flue 
gas to the stack is 450 ppm. The system also 
removes 20 to 25 percent of the total particulate 
matter 

• Sulfur dioxide emission in clean flue gas is 1.2 
lb. of sulfur per million input Btu/hr 

• The scrubber system also includes the reagent 
system, thickener, filter, and associated pumps and 
piping 

• The flue gas reheat system furnishes 225F clean air 
for mixing with 125F scrubbed flue gas to achieve 
175F mixture temperature at the stack entrance. 
The following equipment capacities are required: 

- 250 cfm per million input Etu/hr dilution air fan 
capacity 

- 42 ft2 per million input Btu/hr air heat 
exchanger area 

• Solid waste disposal rate of 1 1 lb (dry) per 
million input Btu/hr 

• Trucks for hauling, and truck loading facility. 
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NuHiber of Onita of Major Equipment Items 

Sulfur dioxide removal system operating with a heat source energy 
input of 50 million to 1200 million Btu/hr require only a single 
unit of each major equipment item. 


The following utilities and operating materials, per million 
input Btu/hr of fuel fired, are required for the scrubber system: 

• 0.2 kHe of auxiliary electric power 

• 50,000 Btu of steam for air heating 

• 0.2 gal/min of makeup water 

• 6 lb of lime as CaO 

• 0.5 lb of soda cish as Nct2C03. 


Capital Cost 

Figure IV-67 shows the field construction cost as a function of 
het content of fuel consumed. The cost breakdown for the design 
point heat input of 500 million Btu/hr is presented in Table 
IV-60. 
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TABLE IV- 60 

SULFUR DIOXIDE SCRUBBER SYSTEM 
FIELD CONSTRUCTION COST 
(500 MILLION LB/HR HEAT INPUT) 


ITEMS 


DOLLARS 


Equipment 

Scrubber Package (Subcontract) 
Air Heater and Accessories 
Other 


4,620,000 

248,000 

37,000 


Civil/Structural -0- 

Piping/ Instrumentation -0- 

Total Equipment and Materials 4,905,000 

Direct Installation Labor (3 $14/MH) 74,000 

Indirects (d) 75Si of Direct Labor) 55.000 


Total Field Construction Cost 5,034,000 

(Mid- 1978 Dollars) ========= 
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The hot gas cleanup system, sho%m schematically in Figure IV-68, 
is a high efficiency particulate removal system for cleaning the 
high temperature combustion products stream from a pressurized 
fluidized bed (PFB) before the products are expanded through a 
gas turbine. The syston is designed to operate at 16 OOF and 200 
psia and to remove 99. 9X of the particulates in the gas stream. 
Design juid operating characteristics for systems sized for gas 
flowrates from 50,000 to 1,000,000 Ib/hr are as follows. 


• Two stage system using multiclone followed by 
granular bed filter 

• Multiclone is a refractory lined carbon steel 
pressiire vessel containing multiple small, high 
efficiency, cyclones 

• Granular bed filter operates continuously using 
intermittent backflush of individual elements 
(Ducon configuration) 

• Motor driven air compressor provides high pressure 
air stream for backflush 

• Lock hopper removes collected particulate from 
system; solid waste disposal rate of 0.00091 Ib/hr 
of gas 

• Refractory lined, carbon steel pipe is used for hot 
gas. 


Number of Units of Manor Eoviicment Items 

Gas Flowrate Number of 

Item Thousand Ib/hr Operating Units 

Multiclone All Sizes 1 

Granular Bed Filter <350 1 

350-700 2 

>700 3 
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Utility Requirements 

Electric power is required for the backflush compressor motor. 
The power requirement is 0.67 kWe per 1,000 Ib/hr of gas flow. 


Figure IV-69 shows the field construction cost as a function of 
gas flow rate, "'he cost breakdown for the design point gas flow 
of 272,000 Ib/hr is presented in Table IV-61. 
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FIGURE IV-68 HOT GAS CLEANUP SYSTEM 
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TABLE IV>61 

HOT GAS CLEANUP SYSTEM 
FIELD CONSTPUCTION GOST 
(272,000 LB/HR GAS FLOW) 

ITEMS 


Eqxiipnent 

Multiclone 

225,000 

Granular Bed Filter 

200,000 

Other 

76,000 

Civil /Structural 

78,000 

Piping / In struraentation 

14.000 

Total Equipment and Materials 

593,000 

Direct Installation Labor (a S14/MH) 

122,000 

Indirects (3 75S of Direct Labor) 

,?2xP0Q 

Total Field Construction Cost 

807,000 

(Mid- 1978 Dollars) 
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The feedwater system shown in Figure IV-70 supplies oxygen free, 
saturated water at 250F for cogeneration and non cogeneration 
steam generators. The system includes makeup water treatment, 
feedwater storage, and deaeration. Design and operating 
characteristics for the system providing boiler feedwater flow of 
50,000 Ib/br to 1,000,000 Ib/hr are as follows. 


• Tray type deaerating feedwater heater operating 
with 10 minute storage capacity; 15 psig operating 
pressure (10 psig operating pressure for use with 
waste heat boiler, case 14 of heat source design) 

• Epoxy lined, carbon steei. storage tank sized for 10 
hour capacity 

• Deaerator feed pump 

• Mixed bed demineralizer makeup water treatment 
system sized for 10S makeup 

• Includes foundations, structural steel and nominal 
piping for all services. 


Number of Units of Major EQui:)ment Items 

Systems with output capacities of 50,000 to 1,000,000 Ib/hr of 
feedwater require only a single unit of each major equipment 
item. 


Utility Requirements 

• Electric power requirement for the system equipment 
is 5.4 kWe per 100, 000 Ib/hr of feedwater output 
capacity 

• Steam requirement for feedwater heating is 0-11 
pound oi 300F steam per pound of feedwater when 
operating at 15 psig and 0.1 pou of 300F steam 
when operating at 10 psig 

• Makeup water required is 10S of the feedwater 
output capacity. 
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F’.fura IV~71 shows the field construction cost as a function of 
system capacity. The cost breakdown for the design point 
feedwater flow of 500*000 Ib/hr is presented in Table IV-62. 
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TABLE IV- 62 

BOILER FEEDWATER SYSTEM 
FIELD CONSTRUCTION COST 
(500,000 LB/HR FEEDWATER FLOW) 


ITEMS DOLLARS 

Equipment 

Deaerator 47,000 

Demineralizer 28,000 

Tanks 55,000 

Pumps 7,000 

Civil/Structural 40,000 


65.000 

242.000 

68.000 
51 .000 

361.000 


Piping/Instrumentation 
Total Equipment and Materials 

Direct Installation Labor (3 $14/-1H) 
Indirects (3 75% of Direct Labor) 

Total Field Construction Cost 
(Mid- 1978 Dollars) 
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HEAT REJECTION SYSTEM 
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The beat rejection system is shovm schonatically in Figure lv-72. 
It provides the low temperature heat sink for the energy 
conversion process and dissipates the reject heat to the 
atmosphere in an evaporative process. The system includes a wet» 
mechanical draft cooling tower, circulating water pumps, a makeup 
water pump, and the system piping. Design and operating 
characteristics for heat rejection systems dissipating 10 million 
to 1000 million Btu/hr are as follows. 




• Evaporative, mechanical draft cooling tower 


Design Conditions 


Hot Day Average Day 


Net Bulb Temperature 77. OF 

Approach 10.0 

Cold Water Temperature 87.0 

Range 25.0 

Hot Water Temperature 112.0 


51. 5F 
23.5 

75.0 

25.0 

100.0 


• Circulating water pumps 


• Makeup water pump. 


Number of Units of Major Equipment Items 


Item 


Heat Rejection Rate 
Million Btu/hr 


Number of 
Operating Units 


Cooling Tower 

All 

Sizes 

1 

Circulating Water Pumps 

All 

Sizes 

2 

Makeup Water Pump 

All 

Sizes 

1 


Utility Reguirements 

• Electric power is required for the cooling tower fans 
and the pumps. The power requirement is 3.25 kwe per 
million Btu/hr of heat rejected 


• Makeup water is required to compensate for losses due to 
drift, evaporation, and blowdown. The makeup water flow 
rate is 1 ,350 pounds per million Btu of heat rejected. 
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CapitcO. Cost 

Figure IV- 73 sho%<s the field construction cost as a function of 
rejected heat. The cost breakdown for the design point heat 
rejection of 100 million Btu/hr is presented in Table IV-63. 
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FIGURE IV-72 HEAT REJECTION SYSTEM 


COST IN MID 1978 DOLLARS 



VARIATION OF FIELD CONSTRUCTION COST WITH REJECTED HEAT FOR HEAT REJECTION SYSTEM 
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TABLE IV- 63 
BEAT REJECTION SYSTEM 
FIELD CONSTRUCTION COST 
(100 MILLION BTU/HR) 


ITEMS 

Equipnent 

Cooling TOwers (Subcontract) 
Pumps 

Civi 1/ S t ruct ura 1 

Piping/ Instrumentati on 

Total Equipment and Materials 

Direct Installation Labor (3 $14/MH) 
Indirects (3 7524 of Direct Labor) 

Total Field Construction Cost 
(Mid- 1970 Dollars) 


108,000 

29.000 

36.000 

299.000 

472.000 

138.000 

104.000 

714.000 
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The electrical conditioning and control system provides the 
auxiliary electric power for the cogeneration facility. The 
electrical system draws a portion of the electrical energy 
provided by the plant generator, reduces the voltage from 13.8 kV 
to 4160 V and to 480 V, and distributes the energy to the balance 
of plant systems. Figure IV-74 shows a typical auxiliary 
electrical single line diagram. The following equipment is 
included in the electrical system: 

• 13.8/4.16 kV station service transformer 

• 4160/480 V load center transformers 

• 4160V switchgear 

• 4160/480 V load centers and 480 V motor control 
centers 

• Interconnecting bus, cable, and conduit 

• Central cable spreading room and control room. 

Electrical equipment items which can be attributed to specific 
balance of plant systems, such as motor starters or the cable 
from the starters to the motors, are. not included in the 
auxiliary electrical system. The plant's main transformer and 
startup transformer are also excluded. 

One station service transformer will decrease the plant generator 
voltage from 13.8 kV to 416C V. Electric power, from the 4160 V 
swit^gear, will be supplied to all motors above 2 00 bhp. Tlie 
load centers will reduce the voltage from 4160 to 480 to supply 
power to the motor control centers. All motors below 200 bhp 
will be supplied power at 480 V from the motor control centers. 
The percentages of plant auxiliary loads assumed to operate at 
480 V is shown in Figure IV-75 as a function of the total 
auxiliary load. 


Capital Cost 

Figure IV-76 shows the field construction cost as a function of 
system rating. The cost brecikdown for the design point system 
rating of 1 500 kWe is presented in TaJole IV-64. 
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Figure IV 74 ELECTRICAL CONDITIONING AND CONTROL SYSTEM 
TYPICAL ELECTRICAL SINGLE LINE DIAGRAM 
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TABLE IV-64 

ELECTRICAL CONDITIONING AND CONTROL 
FIELD CONSTRUCTION COST 
(1500 kWe) 




Equipment 

4160 Volt Switchge ar 
4160/489 V Transformer 
Control Panels 
Other 


Civil/Structural 

Piping/ Instrumentation 

Total Equipment and Materials 


Direct Installation Labor (3 J14/MH) 
Indirects (3 75X of Direct Labor) 


Total Field Construction Cost 
(Mid- 19 78 Dollars) 


SYSTEM 


13.000 

20.000 

30.000 

32.000 

- 0 - 

- 0 - 

95.000 

74.000 

55.000 

224,000 
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SYSTEM 12 

ENERGY CONVERSION SYSTEM BOILOING 


The energy conversion system building provides an enclosiixe for 
the various energy conversion systems. The building type will 
vary witL size. Small buildings are asswied to be of the 
pre*cngineered metal type vAiile the larger ones will be a metal 
building, similar in construction to the turbine building of a 
power plant, with aufficient structure to support an equipment 
crane. 

The field construction cost of System 12, Energy Conversion 
System Building, is given by the following function. 

C « KA ♦ 4400T 

where C » building field cost (dollars) 

A » Iniilding plan area (aq ft) 

K * building cost per sq ft (dollars) 


Buildina Heiobt 

K 

20 (ft) 

50 (Dollars/sq ft) 

40 

70 

60 

95 

80 

125 

a building crane 

lifting capacity (tons) 
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Site preparation and development includes those items which are 
not a part of a particular plant system and are a function of the 
site curea. Included in site preparation and development are: 

• Excavation, grading, and landscaping 

• Roads, walks, and parking areas 

• Site utilities including yard lighting 

• Yard fire protection 

• Fences and gates. 

The field construction costs of System 13, Site Preparation and 
Development, are estimated at 1 percent of the total cogeneration 
plant field construction cost. 
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SYSTEM 14 

ENERGY CONVERSION EQUIPME^'T INSTALLATION 


The energy conversion equipment installation is not a true system 
but a balance of plant category which includes those capital cost 
items associated with the equipment which are normally supplied 
by the architect-engineer. Th^iise include the following: 

• Foundations and support steel for equipment items 

• Field labor for installation and testing of 
equipment itenu 

• Miscellaneous field purchased materials reqxiired 
for eqiiipnent installation. 

The energy conversion equipment is assumed to be shop fabricated 
and require minimal field assembly. Two major categories of 
equipment are being considered. 

1) Rotating equipment (e.g. pumps, turbines) 

2) Erected equipment (e.g. tanks, vessels) . 

Costs of energy conversion equipment installation, which will be 
supplied along with the other balance of plant system costs, will 
be related to the equipment weight and cost. 

The field construction costs for installation of the Energy 
Conversion Equipment, System 14, are estimated for two major 
categories of equipment as follow: 

• Erected equipment (e.g., tanks, vessels) 
installation costs are estimated at $8 50 per ton of 
equipment weight. 

• Rotating equipment (e-g-, pumps, turbines) 
installation costs are shown as a function of 
equipment shaft horsepower in Figure IV- 77. 
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100 1000 10,000 100,000 

EQUIPMENT RATING (HORSEPOWER) 

Fujure IV 11 VARIATION OF INSTALLATION COST WITH EQUIPMENT RATING FOR ROTATING EQUIPMENT 
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E. HEAT PUMPS 
1.0 INTRODUCTION 

Under ideal conditions the output available from an energy conversion system will 
exactly match the thermal and electric requirements of an industrial process, but 
this situation is rarely achieved. In some cases conversion system heat is avail- 
able at temperatures higher tnan that required by the industrial process and is 
therefore always thermodynamically useful. Cor.versely, there are also other 
conversion system-industriai process configurations where some, if not all, of the 
recovered heat is not usable because its temperature or quality is below that 
required. In these situations an industrial heat pump may provide an opportunity 
to effectively use available low quality heat. 

One of the cogeneration strategies involves sizing the energy conversion system 
such that the power produced meets the process electric requirements and also 
provides electricity to operate a heat pump. The process thermal needs would be 
met by heat recovered from the energy conversion system supplemented by heat 
output from the heat pump. A simple schematic of this system is shown in Figure 
lV-78. As shown, the heat pump interfaces directly with the cogeneration system 
utilizing it as the sole source of heat to upgrade process return flows. 



Figure IV-78 Heat Pump Application Schematic 
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The use of heat pumps to economically promote energy conservation In Industrial 
applications is not new. Typical applications Involve the utilization of building or 
manufacturing process low grade (60®F to 120®F) waste heat sources. Heat is 
removed from these waste sources by the heat pump and delivered as useful 
energy at temperatures up to 220“F. At present there has been little incentive to 
develop equipment capable of higher temperature outputs. With present working 
fluids, temperature lifts (delivery minus source temperatures) over 80“F require 
two or more stages of compression, thereby Increasing system cost and complexity. 
In addition, higher stages of compression require increased power Input reducing 
system efficiency or coefficient of performance. As a general rule, present 
systems are limited to temperature lifts of less than 100“F for economic reasons. 

The cogeneration application for heat pumps used In this study is unusual and not 
now being pursued by Industry. In essence, the addition of a heat pump to an 
energy conversion system provides a mechanism to alter the electricAhermal 
balance of the system in order to provide a better match to the process require- 
ments. Depending on the system requirements, this can potentially Involve a 
considerable investment in heat pump equipment. An alternative, and possibly 
more cost effective, approach would involve a redesign of the energy conversion 
system whereby the system is optimized for higher temperature thermal output at 
the expense of electric efficiency while eliminating the capital Investment in heat 
pump equipment. 

For the purposes of this study. Industrial process thermal requirements have been 
classified into five categories: 140®F hot water, 300®F, 500“F, 700“F steam and 

hot gases. Heat pump systems investigated were limited to the three steam con- 
ditions. Heat pump systems with 140°F water delivery were not considered since 
most of the energy conversion systems provided waste temperature streams at or 
above this temperature. Hot gas systems, typically over 1000“F, were considered 
well beyond the limits of near term future (before the year 2000) heat pumps, 
The heat pump system conditions are specified in Table IV-65. 

TABLE IV-65 HEAT PUMP DESIGN CONDITIONS 



300‘'F 

steam 

200“F 

water 

140°F 

water 

500®F 

steam 

200°F 

water 

300“F 

steam ' 

700° f= 

steam 

200°F 

water 

500°F 

steam 

i 
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All of the heat pump output requirements are above the present 220°F output 
capability of commercial Industrial heat pumps. Temperature lift requirements are 
also ambitious, ranging from 160®F to 200“F. Westinghouse Electric Company has 
reviewed these heat pump requirements and offered the following comments: 

300°F Steam: On-going programs indicate that the technology will probably be 

available by the I990's. Strong candidate for working fluid will be 
methanol. CTAS heat source at 140“F (160“F temperature lift) 
comprises economic competitiveness. 

500“F Steam: No known technology programs at these conditions due mainly to 

market application uncertainties. One possible working fluid would 
be steam. The 200®F temperature lift requirement felt to preclude 
economic considerations. 

700“F Steam: Technology unlikely before the year 2000. 

. 2.0 HEAT PUMP PERFORMANCE 

Heat pump performance is generally measured in terms of a dimensionless parameter 
called the coefficient of performance or COP. In the heating mode, COP is deter- 
mined by the ratio of condenser heat rejection divided by compressor input ener- 
gy. Typical Westinghouse industrial heat pump performance data are shown in 
Figure IV-79 for both single and two stage compressor configurations. 
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In an effort to understand these data to extrapolate to other temperature con- 
ditions, the above actual COP's were related to their corresponding carnot or Ideal 
COP'S. The resulting correlation is shown in Figure IV-80. Applying this corre- 
lation to the 300"F and 500*F heat pump delivery conditions yields a COP (Ideal) 
~4.8 for both with a correlation predicted COP (actual) ~2.5. Since the actual 
equipment, working fluids, compression stages, etc., would vary at the higher 
temperature conditions, the use of the above correlation should be utilized only fur 
scoping estimates in lieu of more detailed thermodynamic cycle analyses. However, 
as a check against the correlation, a number of cycle analyses were performed 
using methanol and steam as the working fluids at the 300®F and 500®F. conditions, 
respectively. For these cases the agreement between the actual cycle COP's and 
the corresponding correlating estimates were within 2 to 8% error. As a result of 
this agreement It was concluded that the use of the correlation would be suitable 
for the purposes of this study. 



Figure IV-80 Current Industrial Heat Pump Performance 
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3.0 HEAT PUMP COSTS 

Heat pump capital cost estimates were based on data provided by Westinghouse 
Electric Company. The estimated cost of a complete system was $370,000 for a 
methanol cycle unit capable of delivering 18.3 million BTU/hour to a saturated 
steam sink at 35 psig (281 ®F) from a saturated steam heat source at 220“F. Costs 
at other heat output conditions were estimated based on a thermodynamic cycle 
analysis at the above conditions and specific compressor frame costs versus volu- 
metric flow data. These estimates are shown in Figure iV-81. 

The estimated Installation cost was equal to the heat pump equipment cost for 
retrofit applications In existing processes in plants already constructed. These 
installations typically require additional piping, electrical, foundations, etc. In- 
stallation time can vary from three to six months. 

Maintenance and overhaul cost can vary between negligible to 25% of the operating 
costs. If heat source and sink fluid are clean and non-corrosive and the equip- 
ment runs above 90% capacity factor with very few starts, maintenance and over- 
haul cost will be negligible. On the other hand, there may be applications where 
heat exchangers would have to be' cleaned monthly and the units might be started 
a half dozen times a day which could lead to the need for seal and/or bearing 
replacement every six months. In this latter case, the maintenance and overhaul 
costs would approach 25% of the operating costs. 

Down time estimates for maintenance and overhaul range from 2 to 3 days for 
cleaning U-tube boilers or normal compressor seal changes to 1 to 2 weeks for 
complete overhauls. 



Figure IV-81 Estimated Industrial Heat Pump Equipment Cost 
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F. CAPITAL COST ESTIMATE REVIEW 


1. INTRODUCTION 

This section presents the results of a review by Bechtel National 
Incorporated of the capital cost estimates for representative 
cogeneration plants which were selected from the more than 3000 
cases considered in the study. The capital cost estimates were 
generated by United Technologies from paraunetric cost data 
supplied by Bechtel National for heat sources and balance of 
plant systems and by other CTAS team members for energy con- 
version systems. The purpose of the review was to aid in 
establishing a level of credibility of the CTAS parametric cost 
analysis. 

A two phase approach was taken in reviewing the seventeen cost 
estimates. First, each item in each estimate was considere 
subiectively and rated according to the level of confidence o 
the item's accuracy- Second, based on this preliminary review, 
specific items or cost categories within each estimate were 
selected for a more detailed capital cost evaluation. 

The ceneral results of the review are as follows: 

• Use of Bechtel Parametric Cost Data . The Bechtel 

parametric cost data was generally used as intended to 
develop the cost estimates. Only one discrepancy, tne 
cost of the Special Emissions Control in Case S, was 
identified which i^d an impact on the total plant cost 
of more than five percent. 

• Co st Comparison with Other Sources . In the cost 
cateaories examined, the costs from the UTC report were 
generally within the range of data identified from other 
sources. Only one additional discrepaincy was 
identified, the cost of the Gasifier (FCS) in Case 6, 
which would have a significant impact on the plant total 
capital cost. 
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2. PSELI.'^INARY RSVIEW 

2.1 APPROACH 


The preliminary review of the estimates was conducted by a panel 
of cost enqineers who are experienced in both conceptual 
estimates of advanced technology systems and detailed estimates 
of projects under construction. Two of the four-man panel had 
contributed to the parametric cost curves which were the basis of 
the estimates. 


In an eight hour review, the panel considered each of the 272 (17 
plants X 16 items per plant) items supplied in the UTC capital 
cost estimates and assigned a confidence factor ranging from zero 
to five for each item. The confidence factors were defined as 
follows: 


Caifidence 

Factor 


Mean inq 


0 

1 

2 

3 

a 

5 


Correct 

Probably Correct 

Neutral 

Suspect 

Very Suspect 

Definitely Incorrect 


A confidence index was computed for each cost category xn each 
cost estimate as the product of the confidence factor for each 
item in the cost category and the percent the item's cost 
contributed to the total plant capital cost. This index was used 
as one basis for selecting cost categories for further study. 


2.2 RESULTS 

The confidence indices which resulted from the preliminary 
analysis are given in Table 2-1. The cases or plants considered, 
numbered 1 through 20 across the too of the table, are identified 
in Table 2-2. The cost categories, numbered 1 through 8 down the 
side of the table, are identified in Table 2-3. Cases 3, 13 and 
2 0 were not included in the review because cost estimates were 
not available for those cases - 

The circled indices of Table 2-1 indicate those cost categories 
which were selected for further capital cost evaluation. The 
selection was made on the following basis: 

• Items with high confidence indices were selected. 

• At least one case of each cost category type was 
reviewed. 
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TABLE 2-2 

SELECTED CASES FOR CAPITAL COST ESTIMATE 


Hfi. 

Encriy Conwrolen SyKlPn 

Fur 1 

1 . 

riiirpiit Slr.li* Tim l i IIP 

r.i.ii - n:i) 

2. 

Ailv.’iiirpiJ Sle.in Tiirhuic 

Cnn 1 * ATH 

3 

Ailv.inrpil Hi ill Sjippil niciel 

Cnal* U p rived 
U i 1 1 1 1 1 a ( e 

. 

AJvaiirpd Low S|«ppiJ OipipI 

Coa 1 -Derived 
Doi 1 rr Fuel 

i 

Ailvaiirpil Low Spppil Diciel 

Powdered Coal 

6. 

Advanced Cat Turbine 

Prlrolcuoi Boiler 
Fuel 

7 . 

Advanced Cat Turbine 

Coal -Drr ived 
Boiler Fuel 


Ailvancpd Cat Ti rlnnc 

C.i( 1 ( led Coa 1 

V 

AdvantPd f.tj '’iirri’r.p 

Co*)-PFM 

lU. 

Advanced Ca.i Vr.rln.'' 

Co* 1 - AFT) 

1 1 . 

Advjnc-d Cloeed Cycle 
Cat Tiirluiie 

Coal -AFB 

12- 

Advanced Slean Injected 

Co* 1 -Firi 1 veri 


C. 1 ? Turbine 

Dm ler Furl 

13 

Advancpil Conbined Cycle 

Co* 1 -Oci 1 vrd 

Roller fuel 

14. 

Advanced Cooibiiied Cycle 

Coal-Pri; 

15. 

A'lv.iiicpd Low-Trmpcrtlure 

Coal -Derived 


Furl Cell 

Di til 1 1 .lie 

16 

Advanced lij|h-Tp*iper*lure 

Co* 1 -Deri ved 


Furl Ccl) 

D. tl 1 1 lalf 

17 . 

Advamrd High - Teitperalure 
Fuel Cell 

Catified Coal 

18 

Advanced Slirling 
f.njiiie 

Co* 1 - AFT' 

19. 

Advanced Tlieroiioinc 

Coal -Den ved 


(ionverier 

Duller Fuel 

20. 

Advanced r|anic 

Uv-Producl Hot 


Htnkine Cycle 

Oas 
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TABLE 2-3 
CCST CATEGORIES 


1. FUEL /WASTE HANDLING AM) STORAGE 

1.1 FUEL STORAGE AND RETRIEVAL 

1. 2 LIMESTONE STORAGE AND RETRIEVAL 

1.3 WASTE HANDLING SYSTEMS 
SUB-TOTAL 

2. ECS HEAT SOURCE 

2.1 HEAT SOURCE 

2-2 SPECIAL EMISSIONS CONTROLS 
2. 3 FEED WATER SYSTEMS 

2.4 GASIFIER (ECS) 

SUB-TOTAL 

3. ENERGY CONVERSION SYSTEM (ECS) 

3.1 PRIMARY ElIERGY CONVERTER 

3.2 PRIMARY GENERATOR/ INVERTER 

3. 3 SECONDARY ENERGY CONVERTER 

3.4 SECONDARY GENERATOR 

3.5 BOTTOMING CYCLE V?>.?OK GENERATOR 

3.6 HEAT RECOVERY EQUIPMENT 

3.7 CONDENSERS 

3.3 HEAT PUMP 

SUB -TOTAL 

4. THER.-1AL STORAGE 

5. SUPPLEMENTARY HEAT (FURNACE, BOILER) 

6. HEAT REJECTION 

7. OTHER BALANCE OF PLANT ITE:-1S 

7.1 SITE PREPARATION 

7.2 STRUCTURES 

7.3 ELECTRICAL CONDITIONING 6 CONTROL 
SUB-TOTAL 

8. INDIRECT COSTS 

5.1 CONTINGENCY 

3.2 ENGINEERING AND FEES 
SUB-TOTAL 
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• The selection was made to allow review of as many 
different kinds of systems within a cost category type 
as possible. 

• Cost Category 3, Energy Conversion Systems, was excluded 
from further review since Bechtel's experience with many 
of these systems is relatively limited compared to that 
of other CTAS team members. 

• Cost Category 8, Indirect Costs, was excluded from 
selection and treated on a general basis. 
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3. CAPITAL COSl EVALUATION 

Tiie capital cost review of selected cost categories, as indicated 
by Table 2-1, was carried out by comparing the cost estimate with 
one or more of the following: 

• Parametric cost curves (PCC) developed previously by 
Bechtel during the course of earlier CTAS work 

• Specific order of magnitude cost estimates based on the 
data utilized for developing the PCC 

• Data published in the technical literature for 

intermediate and advanced technology equipment 

• Previous Bechtel estimates for similar cquii)inci\t. 

The following sections identify the case and cost category under 
consideration, compare the costs taken from the UTC cost report 
with costs read from the Bechtel PCC and give the results and 
basis of further cost review. 

In cases where the equipment capacity required by the case was 
outside the range of design capacity used for developing the PCC, 
the curve was extrapolated. In all such cases the required 
capacity was considered to fall within a range of reasonable 
extrapxjlation. 


3. 1 COST CATEGORY SELECTION 1 

3.1.1 Background 

Case No. 1: Current Steam Turbine 

Cost Category No. 1- Fuel/Waste Handling and Storage 

The following shows the capital costs based on the UTC report and 
Beciitel PCC. 


Capital Cost in Millions 



Item 

UTC Report 

Bechtel PCC 

1. 1 

Fuel Storage 6 Retrieval 

9.4 

5. 1* 

1.2 

Limestone Storage & Retrieval 

1. 8 

1.4 

1.3 

Waste Handling System 

a. 8 

l.U* 


SUBTOTAL 

12.0 

7. 5 


♦Extrapolated 

3.1.2 Comment 


Item 1. 1: Review of the previous Eechtei estimate to develop the 
PCC and a comparison with another Bechtel study mdicate that a 
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capital cost in the ranqe of 5 to 6 million dollars is reasoncihle 
for a fuel storage and retrieval system of this capacity. 

Item 1.2 : Review of previous work to develop the PCC, indicates 
that the maximum cost of a limestone storage and retrieval system 
of this capacity is approximately 1.7 million dollars. 

Item 1.3 : Review of a EechteJ cost estimate for a similar system, 
indicatis that the cost of v. te handling system of this capacity 
falls within the limits of 1.0 to 1.3 million dollars. 


3.2 COST CATEGORY SELECTION 2 
3. 2. 1 Background 

Case No. 15: Advanced Low Temperature Fuel Cell 

Cost Category No. 1: Fuel/Waste Handling and Storage 

The following shows the capital costs based on the UTC report and 
Bechtel PCC. 


Item 


Capital Cost in Millions 
UTC Report Bechtel PCC 


1.1 Fuel Storage 6 Retrieval 0.16 

1.2 Limestone Storage & Retrieval 0 

1.3 Waste Handling System 0 

SUBTOTAL 0.16 


0. 11 
0 

0 

0 . 11 


3. 2. 2 Comments 

Item 1.1 : Based on an order of magnitude estimate developed 
specifically for this facility, the cost is estimated to be 
approximately 0.1 million dollars. 


.3.3 COST CATEGORY SELECTION 3 
3.3.1 Background 

Case No. 18: Advanced Stirling Engine 

Cost Category No. 1: Fuel/Waste Handling and Storage 

The following shows the capital costs based on the UTC report and 
Bechtel PCC. 
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Capital Cost in Millions 


Item 

urc Report 

Bechtel PCC 

1.1 Fuel Storage £ Retrieval 

9.5 

5. !♦ 

1.2 Limestone Storage £ Retrieval 

2.5 

3.4^ 

1.3 Waste Handling System 

0.5 

l.O* 

SUBTOTAL 

12.5 

9.5 

♦Extrapolated 



3.3.2 Comment 



Review of other Bechtel cost estimates applicable 

to similar 

systems substantiates the costs reflected by the Bechtel PCC. 

3.4 COST CATEGORY SELECTION 4 



3.4.1 Background 



Case Ho. 1: Current Steam Turbine 



Cost Category No. 2: ECS Heat Source 



The following siiows the capital costs 
Bechtel PCC. 

based on the UTC 

report and 


Capital Cost 

in Millions 

Item 

UTC Report 

Bechtel PCC 

2.1 Heat Source 

28.5 

30. 5 

2.2 Special Emissions Controls 

24. 1 

17.3 

2.3 Feed Water Systems 

1.4 

1. 1* 

2.4 Gasifier (ECS) 

0 

0 

SUBTOTAL 

54.0 

48.9 


♦ Extrapolated 
3.4.2 Comment 


I tem 2. 1 : Review of previous Bechtel work for developing the PCC 
and the published data (Ref. 3-1) for a similar system indicates 
that the cost of two pulverized coal fired boilers of the 
required capacity is within the range of 25 to 33 million 
dollars. 

Itf^m 2. 2: Review of a recent Bechtel study and the published data 
(Ref. 3-2) for a similar system indicate that the cost of two 
sulfur dioxide scrubber systems falls in the range of 20 to 2fa 
million dollars. 
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3.5 CX)ST CATEGORY SELECTION 5 
3.5.1 Background 

Case No. 2: Advanced Steam Turbine 

Cost Category No. 2: ECS Heat Source 

The following shows the capital costs based on the UTC report and 
Bechtel PCC. 


Capital Cost in riLllions 


Item 

UTC Report 

Bechtel 

PCC 

2. 1 Heat source 

34.1 

32.5 


2.2 Special Emissions Controls 

0 

0 


2.3 Feed Water Systems 

1.3 

1.3 


2.4 Gasifier (ECS) 

0 

0 


SUBTOTAL 

35.4 

33.8 


3.5.2 Comment 




Item 2.1: Based on publislied data 

(Ref. 3-1, 

3-3 and 3- 

•4) 

applicable for similar systems, it is 

estimated that the cost 

of 

three coal fired atmospheric fluidized 

bed steam 

generators 

of 

this capacity is in the range of 30 to 

40 million dollars. 


3.6 COST CATEGORY SELECTION 6 




3.6.1 Background 




Case No. 8; Gas Turbine 




Cost Category No. 2: ECS Heat Source 




Tl:e following shows the capital costs 

based on the 

UTC report and 

Bechtel PCC. 





Capital Cost in Millions 

Item 

UTC Report 

Bechtel 

PCC 

2. 1 Heat Source 

0 

0 


2.2 Special Emissions Controls 

0 

0 


2. 3 Feed Water Systems 

0. 1 1 

0. 46 

2.4 Gasifier (ECS) 

19.9 

NA 


SUBTOTAL 

20.0 

NA 


3.6.2 Comment 





Item 2.4 : Based on several cost estimates developed by Bed. tel 
during previous engineering studies of oxygen blown entrained or 
fluidized bed systems, it is estimated that the cost of this 
system fails in the range of 30 to 42 million dollars. 
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3.7 COST CATEGORY SELECTICW 7 

3.7.“’ Background 

Case No. 9: Gas Turbine 

Cost Category No. 2: ECS Heat Source 

The following shows the capital costs based on the UTC report and 
Bechtel PCC. 


Capital Cost in Millions 

Item UTC Report Bechtel PCC 


2.1 

Heat Source 

112.6 

115.2 

2.2 

Special Emissions Controls 

0.03 

10.7 

2.3 

Feed Water Systems 

0-65 

0 

2.4 

Gasifier (ECS) 

0 

0 


SUBTOTAL 

1 13- 3 

149.0 

3.7. 

2 Comments 



Item 

1 2.1: Based on a review of published 

data (P.ef 3 

-5 and 3-6) , 

It 

is estimated that the cost of a 

pressurized 

fluidized bed 

system of this capacity is approximately 

110 million 

dollars. 


3.8 COST CATEGORY SELECTION 8 

3- 3. 1 Ba ckground 

Case No. 10; Gas Turbine 

Cost Category No. 2: ECS Heat Source 

The following shows the capital costs based on the UTC report and 
Bechtel PCC. 


Ite m 

2. 1 Heat Source 

2.2 Special Emissions Controls 

2.3 Feed Water System 

2.4 Gasifier (ECS) 

SUBTOTAL 

3.8.2 Comment 


Capital Cost in Millions 
UTC Report Bechtel PC C 


51.8 

0 

0,2 

_0 

52.0 


56.4 

0 

1.3 

G 

57.7 


I te m 2 - 1 : Review of published data (Ref. 3-4) indicates that the 
cost of two coal fired atmospheric fluidized bed hot gas 
generator systems is approximately 50 million dollars. 
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Item 2. 3 ; Review of data previously used for developing the PCC 
indicates that the cost of feedwater system of this capacity is 
approximately 1.3 million dollars. 


3.9 COST CATliGCP.Y SELECTION 9 
3.9.1 Background 

Case No. 17: High Temperature Fuel Cell 

Cost Category No. 2: ECS Heat Source 

The following shows the capital costs based on the UTC report and 
Bechtel PCC. 

Capital Cost in Millions 

Item UTC Report Bechtel PCC 


2. 1 

Heat Source 

0 

0 

2.2 

Special Emissions Controls 

0 

0 

2.3 

Feed Water Systems 

0 

0 

2. 4 

Gasifier (ECS) 

73.7 

NA 


SUBTOTAL 

73.7 

NA 

3.9. 

2 Comment 




Item 2.U : Based on review of several Bechtel studies, the cost 
of a gasifier of this capacity is in the range of 55 to 75 
million dollars. 


3.10 COST CATEGORY SELECTION 10 
3. 10. 1 Background 

Case No. 19; Advanced Thermionic Converter 
Cost Category No- 2: ECS Heat Source 

The following shows the capital costs based on the UTC report and 
Bechtel PCC. 

Capital Cost in Millions 

Item UTC Re port Bechtel PCC 


2. 1 

Heat Source 

29.8 

27.0 

2.2 

Special Emissions Controls 

0 

0 

2. 3 

Feed Water Systems 

0.6 

1. 2 

2.4 

Gasifier (ECS) 

0 

0 


SUBTOTAL 

30.4 

28.2 
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I tem 2.1 ; Review of published data (Pef. 3-7) indicates that the 
cost of two THX furnace systems of this capacity is approximately 
30 million dollars. 

I tem 2.3 : Review of data used for developinq the PCC indicates 
that the cost of a feedwater system of this capacity is 
approximately 1.2 million dollars. 


3.11 COST CATEGORY SELECTION 11 

3.11.1 Background 

Case No. 5: Advanced Low Speed Diesel 

Cost Category Mo. 5; Supplementary Heat 

The following shows the costs based on the UTC report and Bechtel 
PCC. 

Capital Cost in Millions 

Ite m UTC Report Bechtel PCC 

5 Supplementary Heat (Furnace, Boiler) 1.76 0.2U* 

♦Residual oil fired boiler of similar capacity. 

3.11.2 Comnent 

Eased on previous Bechtel work used for developing the PCC for a 
residual oil fired toiler and other Bechtel studies, it is 
estimated that the cost of a supplementary boiler of this 
capacity, suitable for firing residual oil, is in the range of 
0.23 to 0.30 million dollars. The cost or a dual fuel fired 
boiler, capable of firing coal and oil, is approximately 0.9 
million dollars. The higher number is more appropriate in tins 
case which is based on firing black liquor and residual oil. 


3.12 COST CATEGORY SELECTION 12 

3.12.1 Bac Itqround 

Case No. 6: Advanced Gas Turbine 

Cost Category No. 5: Supplementary Heat 

The following shows the costs based on the UTC report and Bechtel 
PCC. 


i V-265 


Power Systems Division 


FCR-1333 


Capital Cost in Millions 

Item UTC Report Bechtel PCC 

5 Supplementary Heat (Furnace, Boiler) 3.3 5. !♦ 

*Residual oil fired boiler of required capacity. 


3.12.2 Comment 


Based on previous Bechtel vork used for developing 
residual oil fired boiler and other Bechtel 
estimated that the cost of two residual oil fired 
boilers of this capacity is in the range of 4.5 
dollars. The .cost of two dual fuel fired 
approximately 22 million dollars. The higher 
appropriate for this case which is based on firing 
and residual oil. 


the PCC for a 
studies, it is 
supplementary 
to 5.5 million 
boilers is 
cost is more 
black liquor 


I 


3.13 COST CATEGOM SELECTION 13 


3.13.1 BawKcrround 

Case No. 2: Advanced Steam Turbine 

Cost Category No. 6: Heat Rejection 

The following shows the costs based on the OTC report and Bechtel 
PCC. 

Capital Cost in liillions 

Item IfTC Report Bechtel PCC 

6 Heat Rejection 0.6 0-7 

3. 13. 2 Comment 

Review of previous Bechtel work for developing the PCC arxl a 
specific cost estimate for this plant with more accurate 
quantification of major circulation water piping, indicate that 
cost of the system of this capacity is approximately 0.7 million 
dollars. 


3.14 COST CATEGORY SELECTION 14 

3-14.1 Background 

Case No. 14: Combined Cycle 

Cost Category No. 7; Other BOP Items 

The following shows the costs based on the UTC report and Bechtel 
PCC. 
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Capital Cost in trillions 



Item 

UTC Report 

Bechtel 

7.1 

Site Preparation 

0.78 

NA 

7.2 

Structures 

3.45 

NA 

7.3 

Electrical Conditioning 

0.04 

-^28 

3, 14. 

2 Comments 

4.27 

NA 


Item 7. 1 ; The basis for the development of the capital cost for 
site preparation is estimated as IX of field construction cost 
(Total Capital Cost minus Engineering, Fees, and Contingency) and 
hence for this case 1Xx( 1 06. 5-27 . 6) = 0.78 million dollars. 

Based on Beclitel historical data, the assumption of IX of fxeld 
construction cost as the cost for site preparation and 

development is considered valid for a project of this magnitude. 

Item 7.2 : Based on Bechtel historical data, the cost of 
structures for the turbine buildings associated with a project of 
this magnitude is estimated to fall in the range of 0.9 to 1.3 
million dollars. 

It em 7 .3; Based on data used for developing the PCC, it is 
estimated that the cost of electrical conditioning and control 
system for a project of this site is approximately 0.28 million 
dollars. 


IV-267 


Pow«r Systems Division FCR-1333 

<t. &IYIEW_QF COST CODE NO. 8, INDIRECT POSTS 

4.1 Background 

Cost Category 8, Indirect Costs, in the OTC report consists of 
contingency and engineering and fees. These costs were estiamted 
as a percentage of the total cost of equipment, materials and 
labor (direct field cost) as follows: 


Item 


X of Direct Field Cost 


6. 1 

Contingency 

20 

8.2 

Engineering and Fees 

15 

4.2 

Comments 


Item 

8.1: The contingency allowance 

included in the cost estimate 


for well defined pro 3 €cts provides for uncertainties in estimate 
and schedule detail (quantities, installation manhours, equipment 
cost, and project duration) . The estimated total project cost, 
including the contingency allowance, reflects the most likely 
construction cost (it is expected that the probability of overrun 
equals that of underrun). This contingency allowance does not 
provide for changes in project scope, design criteria, unlikely 
events, commercial changes, or schedule slippages outside the 
control of the Architect-Engineer- 


For well defined projects the contingency allowance may be 
derived from treating the detailed estimate as a sum of partially 
correlated random variables and by using statistical techniques. 
However, at the conceptual design stage, contingency must be 
estimated based on that of other well-defined projects of similar 
scope. The contingency for steam turbine power plant projects in 
Bechtel historical records is approximately 15 to 20 of direct 
field costs. On this basis, the 20 % contingency included in the 
UTC report appears appropriate. 


Two caveats should be noted in applying this contingency. First, 
the contingency is appropriate for well-defined commercial 
technologies and does not reflect any uncertainties associated 
with the development of these advanced technology systems. 
Second, many of these cogeneration plants differ substantially 
from steam turbine power plants. Differing cliaracteristics which 
a more detailed study might show to have an effect on contingency 
include plant size, length of construction period, and fraction 
of the total plant cost made up of supplier engineered and shop 
fabricated components. 

Item 8.2 : Based on Bechtel historical data, it is estimated tliat 
the cost of Engineering and Fees is approximately 151 of the 
total construction cost. The 1 5X, which is typical for power 
plants, can generally be broken down into the following: 


!V-268 


Power Systems Division FCR-1333 

• 0X to cover home office enqineerinq 

• to cover home office support 

• 3% to cover ail fees 

The Enqineerinq and Fees cost can be reduced somewhat by 
decreasinq the total home office enqineerinq when a project has 
major systems which are pre-enqineered by the supplier. Eased on 
Cechtel historical records, it is estimated that the Enqineerinq 
and Fees cost varies from 15X fcr projects with no pre-enqineered 
systems, to 10X for projects which are nearly 100X pre-enqineered 
systems. The Enqineerinq and Fees for the seventeen cases 
selected in the UTC report have been calculated based on applying 
10% to the pre-enqineered systems and 15S to the non pre- 
enqineered sytems. The resultinq average engineering and fee is 
as follows: 


Enqineerinq and Fee 
as Percent of Field 

UTC Case Nambers Construction Cost 


1 and 2 

15 

8, 10 and 11 

14 

14, 17 and 18 

13 

9 and 19 

12 

6 and 12 

1 1 

4, 5. 7, 15 and 16 

10 
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5. GENERAL COMMENTS 

The follow inq are general comments based on the review of the 
capital cost estimates for seventeen cogeneration plants. 

• Use of Bechtel Parametric Cost Data . The Bechtel 
parametric cost data was generally used as intended to 
develop the cost estimates. Only one discrepancy, the 
cost of the special emissions control in Case 9, was 
identified which had an impact on the total plant cost 
of more than five percent. 

• Cost Category 3. Energy Conversion Systems . The &iergy 
conversion systems were considered in the preliminary 
review only. The comments were as follows: 

- Steam Turbines, Cases 1 and 2: The costs of $116/KMe 
and $133/kW are consistent with data from previous 
Bechtel estimates. 

- Gas Turbines, Cases 6 through 10: Ihe UTC costs 

ranging from $107/kWe to $l43/kWe are consistent with 
Bechtel data for large cas turbines but seem somewhat 
low for smaller units. 

- Diesels, Cases 4 and 5: The costs of $440 /kWe appears 
to be in the right range. Eased on Bechtel data, 
smaller high speed units cost $300 to S400/kV^e. 

- Stirling Engine, Case 10: Assuming a Stirling Engine 
has a cost similar to other reciprocating engines such 
as diesels, a cost of S153/kwe seems low. 

• Cost Comparison with Other Sources . In the cost 
categories examined, the costs fron; the UTC repo-^ were 
generally within the range of data identified fre 'thcr 
sources. Only one discrepancy was xdentifieo in 
addition to that mentioned cibove; the cost of the 
Gasifier (ECS) in Case 0, which would have a significant 
impact on the plant total capital cost. 

6. PLANT LAYOUT 

In addition to the review of the capital cost estimates of the 
selected cases, Bechtel National, Incorporated, reviewed the 
design of each case and prepared rough, conceptual plant layout 
sketches which are included in Figures IV-82 through IV-100. 
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